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A indústria de alimentos vem investindo cada vez mais no desenvolvimento de produtos 
fortificados, que estão associados à melhora da saúde e bem-estar. No entanto, muitos 
compostos bioativos, como nutracêuticos (vitaminas, minerais e nutrientes) apresentam 
sensibilidade às condições adversas, como solubilidade limitada, baixa biodisponibilidade e 
instabilidade química, o que pode provocar mudanças físicas ou fisiológicas em suas estruturas, 
limitando sua eficiência. Neste contexto, polímeros naturais desempenham um papel 
importante, principalmente para aplicação em alimentos, por serem biodegradáveis e 
apresentarem biocompatibilidade. Neste trabalho, hidrogéis de amido, gelatina e alginato, 
carregados de emulsões (emulsion filled hydrogels) foram desenvolvidos visando estabilidade, 
proteção e entrega controlada de bioativos. O amido foi empregado nas formas nativa e 
gelatinizada. A caracterização dos biopolímeros utilizados, assim como as melhores condições 
para produção dos sistemas de encapsulação foram avaliadas. O estudo inicial para produção 
das emulsões, apontou maior estabilidade em pH 6, comparado ao pH 3. Em pH 3 os 
biopolímeros apresentaram cargas superficiais opostas, levando a complexação e 
desestabilização das emulsões. No entanto, as diferentes forças iônicas permitiram a produção 
de microgéis com camadas de recobrimento, possibilitando aplicação de bioativos com 
propriedades funcionais e de entrega variadas em um mesmo sistema de encapsulação (núcleo, 
matriz e camadas). O processo de sonicação e a concentração de gelatina também foram 
avaliados para produção das emulsões. A sonicação possibilitou redução da viscosidade, carga 
superficial e propriedades interfaciais das soluções biopoliméricas, favorecendo a formação das 
emulsões, juntamente com a utilização de gelatina em concentrações acima de 1% (m/m). As 
propriedades funcionais dos hidrogéis com amido gelatinizado ou não, foram avaliadas durante 
a digestão, por simulação in vitro. Os grânulos de amido garantiram maior proteção da rede, 
preenchendo os poros e reduzindo a degradação. A encapsulação de β-caroteno na rede 
contendo amido não gelatinizado, confirmou maior estabilidade na digesta. Os resultados 
obtidos com este estudo, podem ser úteis para o desenvolvimento de produtos alimentícios 
fortificados com componentes bioativos hidrofílicos e lipofílicos, com mecanismos de proteção 
e degradação específicos, além de entrega controlada aos sítios de ação desejados. 
 






The food industry has increased investments in development of fortified products that are 
associated with improved health and well-being. However, many bioactive compounds such as 
nutraceuticals (vitamins, minerals and nutrients) presents sensitivity to adverse conditions, such 
as limited solubility, low bioavailability and chemical instability, which can cause physical or 
physiological changes in their structures, limiting bioactive efficiency. These limitations can be 
overcome with the development of encapsulation systems for promoting greater stability, 
protection and target delivery of bioactive. In this context, natural biopolymers play an 
important role, especially for food application, as they are biodegradable and biocompatible. In 
this work, emulsion filled hydrogels of starch, gelatin and alginate were developed aiming 
stability, protection and controlled delivery of bioactive. Starch was used in gelatinized and 
non-gelatinized form. The biopolymers characterization, as well as the best conditions for 
encapsulation systems production were evaluated. The study for emulsion production showed 
higher stability at pH 6, compared to pH 3. At pH 3 biopolymers presented opposite surface 
charges, leading to emulsion complexation and destabilization. However, the opposite ionic 
forces allowed to produce microgels with coating layers, enabling the application of bioactive 
with varying functional and delivery properties in the same encapsulation system (core, matrix 
and layers). The sonication process and gelatin concentration were also evaluated for emulsion 
production. Sonication allowed reduction of viscosity, surface charge and interfacial properties 
of biopolymer solutions, favoring the formation of emulsions, associated with the use of gelatin 
in concentrations above 1 % (w/w). The functional properties of hydrogels with gelatinized or 
non-gelatinized starch were evaluated during digestion by in vitro simulation. Starch granules 
ensured greater protection of the network, filling the pores and reducing degradation. The 
encapsulation of β-carotene in the network containing starch granules confirmed greater 
stability on digesta. The results obtained with this study may be useful for the development of 
fortified food products, with hydrophilic and lipophilic bioactive compounds, with specific 
protection and degradation mechanisms, besides delivery properties to the desired action sites. 
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1.1.  Introdução  
A indústria de alimentos vem investindo cada vez mais no desenvolvimento de 
produtos fortificados com agentes bioativos, provenientes de fontes naturais, que estão 
associados à melhora da saúde, performance dos efeitos biológicos e bem estar (Mun et al., 
2016). Na perspectiva das indústrias de fármacos e cosméticos, também tem se observado uma 
tendência em pesquisas que buscam explorar a funcionalidade de produtos naturais para 
substituição de drogas sintéticas, com vistas à melhoria da saúde (David, Wolfender & Dias, 
2015). 
Para utilização de compostos bioativos, como os nutracêuticos (vitaminas, minerais 
e nutrientes), alguns aspectos de sensibilidade a condições adversas devem ser considerados, 
como solubilidade limitada, baixa biodisponibilidade e instabilidade química, o que pode 
provocar mudanças físicas ou fisiológicas em suas estruturas, limitando sua eficiência (Zhang 
et al., 2015a) 
Estas limitações podem ser superadas com o desenvolvimento de micropartículas, 
utilizando técnicas como emulsificação, atomização, coacervação, microfluidica, entre outras, 
que proporcionam maior controle da estabilidade e proteção (Leon et al., 2016). Dentre os 
processos para produção de sistemas de encapsulação capazes de proteger compostos 
lipofílicos, hidrofílicos e anfifílicos, os hidrogéis carregados de emulsão (emulsion filled 
hydrogels) têm apresentado resultados interessantes, como garantia de estabilidade, entrega 
controlada e proteção (Matalanis, Jones & McClements, 2011). São matrizes poliméricas 
gelificadas contendo gotas de óleo incorporadas em sua estrutura e seu processamento requer a 
formação prévia de emulsões, para posterior estruturação em hidrogéis gelificados (Andrade et 
al., 2016). 
Para produção de emulsões estáveis, alguns fatores como o tipo de agente 
emulsificante, temperatura, processos empregados, concentração de ingredientes e óleo são 
determinantes (Lad & Murthy, 2012). Neste sentido, o processo de sonicação apresenta 
potencialidade de produzir emulsões com tamanho de partícula reduzido. Durante o 
processamento, energia é convertida em vibrações mecânicas, que são aplicadas diretamente na 
amostra. As vibrações mecânicas levam à ruptura de gotículas pela cavitação acústica, 
promovendo consequentemente maior estabilidade das emulões (Behrend & Schubert, 2000). 
Dentre as vantagens estão a possibilidade de formar pequenas gotas da fase dispersa em relação 
a processos como rotor estator, aplicando concentrações ideais de agentes emulsificantes, fácil 
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limpeza, obtenção de menores tamanhos de gotas e produção de emulsões mais homogêneas 
quando comparadas à agitação mecânica (Gogate & Kabadi, 2009). 
Para obtenção de hidrogéis carregados de emulsão com características de proteção, 
estabilidade e entrega controlada, a escolha dos biopolímeros também é uma etapa fundamental. 
Pensando em aplicações em alimentos, biopolímeros de grau alimentício, como proteínas e 
polissacarídeos, apresentam a potencialidade de ser biodegradáveis e biocompatíveis (Wang et 
al., 2015). Sendo assim, diversos trabalhos da literatura tem explorado suas funcionalidades, 
como a utilização de amido e gelatina para produção de hidrogéis com aplicação em filmes 
(Van Nieuwenhove et al., 2016), micropartículas gelificadas de alginato e isolado proteico de 
soro de leite, como modificadores de textura (Leon et al., 2016), formação de complexos de 
carragena e gelatina para estabilização de emulsões ( Derkach et al., 2015). 
Para produção de emulsões precursoras de hidrogéis de emulsão, a escolha do 
agente emulsificante é de grande importância. A gelatina é uma proteína que apresenta 
aminoácidos hidrofílicos e hidrofóbicos capazes de se posicionarem na interface óleo-água, 
promovendo redução da tensão interfacial e a formação de emulsões. Além disso, apresenta a 
capacidade de formar géis o que pode reforçar a estabilização das emulsões (Surh, Decker, & 
McClements, 2006) 
O alginato é um dos materiais mais empregados para produção de sistemas de 
encapsulação, apresenta vantagens por ser natural e capaz de formar géis estáveis na presença 
de cátions (Chan et al, 2011). No entanto, a rede de alginato tem sido reportada por apresentar 
limitações na retenção de bioativos hidrofílicos, por apresentar poros, o que facilita a difusão 
(Córdoba, Deladino & Martino, 2013). Para contornar estas limitações, a literatura tem 
apresentado alguns trabalhos demonstrando o papel do amido no preenchimento dos poros de 
redes biopoliméricas, seja em sua forma gelatinizada ou na forma nativa (Chan et al, 2011; 
Córdoba, Deladino & Martino, 2013; Almeida & Sato, 2019). Além disso, o processamento de 
amido com diferentes aditivos alimentares tem resultado em uma gama de variações nas 
características sensoriais, mecânicas e químicas, possibilitando aplicações com funcionalidades 
diversas (Torres et al., 2017; Dankar et al., 2018).  
Os diferentes processos e materiais estudados tem concentrado esforços para além 
de garantir proteção de biaotivos, desenvolver sistemas de entrega controlada em regiões 
específicas do trato gastrointestinal, como boca, estômago, intestino grosso ou delgado (Zhang 
et al., 2015a), ou até mesmo sob condições determinadas, como forças mecânicas, mudanças 
de pH e temperatura (Dragan, 2014). Esta área vem se desenvolvendo devido à importância da 
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otimização dos efeitos dos compostos bioativos encapsulados que, uma vez liberados no local 
de ação, exercem suas funções sob condições ideais. A inserção de sistemas de encapsulação 
em alimentos pode promover também modificações benéficas nos produtos onde são 
adicionados, controlando propriedades como sabor, cor e textura (Champagne & Fustier, 2007).  
Hidrogéis carregados de emulsão compostos óleo de girassol, alginato, gelatina e 
amido (nativo e gelatinizado) como componente pricipal para estruturação da rede foram 
produzidos. A viabilidade da produção de hidrogéis carregados de emulsão com camadas de 
recobrimento compostas de gelatina e alginato também foi objeto de estudo, visando alcançar 
maior estabilidade, proteção, entrega controlada, assim como o maior controle da 
hidrofobicidade dos nutracêuticos, para inserção em sistemas alimentícios de base úmida. 
A literatura não apresenta trabalhos baseados na produção de hidrogéis compostos 
majoritariamente por amido, o que abre caminhos para exploração das potencialidades destas 
estruturas de encapsulação. Considerando a hipótese de que a retenção e liberação dos 
compostos bioativos dependem das condições de processo, além das propriedades dos materiais 
de parede empregados, o amido foi utilizado na forma gelatinizada e nativa, a fim de oferecer 
estruturação e atuar no preenchimento e redução dos poros de hidrogéis de emulsão de alginato 
e gelatina. Condições de processamento como pH, concentração de emulsificante e tipos de 
processos foram avaliados ao longo do trabalho, objetivando estabilidade, proteção e entrega 
controlada de bioativos. 
 
1.2. Objetivos  
1.2.1. Objetivo geral 
Este trabalho teve como objetivo produzir e avaliar hidrogéis carregados de 
emulsão como estruturas de encapsulação (emulsion filled hydrogels) compostas de alginato, 
gelatina e amido de batata para veiculação de compostos bioativos com propriedades lipofílicas 
e/ou hidrofílicas. A influência das condições de processo empregadas na produção das dos 
sistemas biopoliméricos, desde emulsões à hidrogéis, também foi objeto de estudo, visando a 
produção de partículas estáveis, capazes de proteger compostos bioativos e com potencial de 
aplicação em alimentos com alto teor de umidade. 
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1.2.2. Objetivos específicos 
• Produzir estruturas biopoliméricas para veiculação de compostos bioativos visando 
aplicação em produtos alimentícios com alto teor de umidade; 
• Avaliar o processo de emulsificação por rotor estator ou sonicação na estabilidade das 
emulsões e na formação dos hidrogéis carregados de emulsão; 
• Estudar diferentes condições de processamento para produção dos hidrogéis carregados 
de emulsão, como alterações do pH, concentração de biopolímeros, gelatina como 
emulsificante e tipo de recobrimento (simples ou multicamadas). 
• Empregar a gelatina como composto emulsificante, além de explorar sua potencialidade 
na formação dos hidrogéis, juntamente com o alginato e o amido. 
• Avaliação da influência do amido incorporado à matriz em sua forma gelatinizada ou 
não na estruturação e porosidade da rede biopolimérica, nos mecanismos de degradação dos 
hidrogéis e proteção de β-caroteno. 
• Estudar a estabilidade dos hidrogéis carregados de emulsão frente às condições 
gastrointestinais simuladas (in vitro), relacionando a microestrutura e morfologia dos hidrogéis 
submetidos à digestibilidade, aos tipos de interações físico-químicas formadas entre os 
biopolímeros nos hidrogéis. 
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1.3. Escolha do tema e estrutura da tese 
A escolha do tema deste trabalho de doutorado se fundamentou em resultados 
obtidos pelo grupo de pesquisa e também nos resultados promissores obtidos ao longo de minha 
pesquisa de mestrado. O trabalho de mestrado se baseou na produção de hidrogéis compostos 
por alginato, gelatina e frutooligossacarídeos (FOS), visando garantir proteção, aumentar a 
viabilidade e promover entrega controlada de probióticos e simbióticos. Parte deste trabalho 
focou na investigação das propriedades dos hidrogéis formados, demonstrando que tanto a 
gelatina, como o FOS atuaram reforçando a rede de alginato e reduzindo a formação de poros. 
Neste sentido, melhores propriedades de proteção foram alcançadas. Na mesma linha de 
pesquisa de produção de hidrogéis, investigações preliminares realizadas pelo grupo de 
pesquisa, envolvendo diferentes biopolímeros associados a fontes variadas de amido, 
mostraram o potencial da utilização de amido nativo ou gelatinizado no preenchimento de poros 
das redes biopoliméricas. Estes resultados motivaram a continuidade de investigações na área 
de hidrogéis empregando amido como filler de rede. No entanto, objetivou-se produzir sistemas 
capazes de proteger compostos hidrofílicos e lipofílicos, culminando nos hidrogéis carregados 
de emulsão.  Portanto, este trabalho se concentrou em produzir hidrogéis carregados de emulsão 
para proteção e entrega controlada de bioativos. Empregou-se amido de batata em conjunto com 
a rede formada pelo alginato e gelatina na estruturação dos hidrogéis carregados de emulsão. 
Além de participar da rede, a gelatina também tem o papel de agente emulsificante, para 
formação das emulsões, precursoras dos hidrogéis carregados de emulsão. A Figura 1 apresenta 
o esquema de organização do trabalho. A estrutura desta Tese está organizada em 8 capítulos 
como descrito na sequência. O Capítulo 1 aborda uma introdução geral do estudo, bem como 
os objetivos gerais e específicos do trabalho em questão. O Capítulo 2 apresenta uma revisão 
bibliográfica do tema abordado, destacando aspectos teóricos e principais relatos da literatura 
em relação aos hidrogéis carregados de emulsão, materiais de parede, processos de produção 
empregados, bem como os mecanismos de entrega durante simulação da digestibilidade in vitro. 
Os capítulos 3, 4, 5 e 6 em sequência, tratam dos artigos que foram desenvolvidos com esta 
pesquisa de doutorado, publicados ou em processo de submissão em periódicos internacionais 
de alto impacto. O Capítulo 3 aborda os primeiros passos do estudo para formação dos 
hidrogéis carregados de emulsão compostos de alginato, gelatina e amido, como condições 
ideais de pH para alcançar a estabilidade de emulsões, concentração biopolimérica empregada 
para garantir a estruturação dos sistemas carreadores e carga superficial para promover o 
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recobrimento em camadas dos microgéis. No apêndice são apresentados alguns resultados dos 
ensaios preliminares variando a concentração dos biopolímeros para alcançar a estruturação dos 
sistemas. Empregando 6.9% (m/m) de amido gelatinizado, 0.1% (m/m) de alginato e 1.5% 
(w/w) de gelatina foi possível produzir emulsões em pH 6 que não apresentaram separação de 
fases por um período de 7 dias. Além disso, em pH 6 esta formulação permitiu a produção de 
partículas por gotejamento, ao contrário da mesma formulação em pH 3, que formou complexos 
eletrostáticos, afetando o processo de gelificação iônica.  Apesar de ter sido possível produzir 
partículas em pH 6 por gotejamento associando os biopolímeros amido, alginato e gelatina, a 
solução apresentou viscosidade elevada (dados não mostrados), o que inviabilizou a atomização 
e produção de microgéis por atomização. Estes resultados preliminares permitiram definir as 
concentrações de bipolímeros estudadas no capítulo 3 e as condições de pH para produzir os 
sistemas. Posteriormente, no Capítulo 4, avaliou-se a influência dos processos de rotor estator, 
sonicação por sonda e banho e concentrações de gelatina para obtenção de emulsões, bem como 
os impactos causados pelos processos na estabilidade, propriedades reológicas, tensão 
superficial e morfologia. O Capítulo 5, inclui além do amido gelatinizado, estudado 
anteriormente nos Capítulos 3 e 4, a utilização do amido em sua forma não gelatinizada, como 
componente majoritário da rede biopolimérica, composta também de alginato e gelatina. Nesta 
etapa estudou-se as propriedades químicas de ligação entre os componentes da matriz, 
propriedades mecânicas e microestruturais quando submetidas à simulação in vitro das 
condições gastrointestinais. No apêndice também é mostrada uma microscopia eletrônica de 
varredura dos grânulos de amido não sonicados. A comparação desta imagem com as amostras 
de hidrogéis carregados de emulsão, permitiu identificar o amido na sua forma nativa na rede 
de biopolímeros formada, além de avaliar o efeito do processo nos grânulos. Parte dos 
resultados apresentados no Capítulos 3 e 5 foram obtidos em parceria com o International 
Iberian Nanotechnology Laboratory - INL (Portugal) em período de estágio. Na sequência, o 
Capítulo 6 aborda o estudo de aplicação dos hidrogéis carregados de emulsão com amido 
gelatinizado ou não para encapsulação de β-caroteno, avaliando a estabilidade oxidativa e do 
β-caroteno em condições aceleradas e durante à digestibilidade. Por fim, o Capítulo 7 apresenta 
uma discussão geral do trabalho e o Capítulo 8, aborda as principais conclusões do 
desenvolvimento da Tese. 
 




                        Figura 1: Esquema de organização do trabalho. Produção das fases aquosas, emulsões e hidrogéis carregados de emulsão.
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CAPÍTULO 2 - REVISÃO BIBLIOGRÁFICA 




2.1. Revisão bibliográfica 
2.1.1. Hidrogéis 
Hidrogéis consistem em redes de polímeros tridimensionais, que se formam por 
forças iônicas, ligações de hidrogênio e/ ou interações hidrofóbicas. Apresentam alta 
capacidade de retenção de água, o que promove sua grande afinidade com compostos 
hidrofílicos, além de características viscoelásticas, o que possibilita sua utilização como 
modificadores de textura. São formados por ligações químicas ou fisicas, que podem ser 
quebradas quando submetidos a alterações das condições ambientais, tais como força iônica, 
pH e temperatura, possibilitando a liberação de ativos aprisionados. Estes gatilhos que 
promovem o rompimento das redes, são de grande interesse para indústria de alimentos e 
farmacêutica (Coviello et al., 2007; Dragan, 2014).  
A combinação de biopolímeros para produção de hidrogéis pode possibilitar a 
formação de sistemas com perfis variados de estabilidade, retenção, dimensões, forma e 
estrutura interna, o que tem despertado grande interesse na utilização de hidrogéis pelas 
indústrias alimentícias, farmacêuticas e cosméticas. Portanto, o conhecimento das propriedades 
dos biopolímeros empregados é fundamental para o delineamento destes sistemas, bem como 
para o entendimento do tipo de interação entre os biopolímeros quando associados e suas 
respostas quando submetidos a ações externas (Zhang et al., 2015a). 
Diversos estudos buscam produzir sistemas de encapsulação associando 
biopolímeros para produção de hidrogéis com propriedades de barreira melhoradas visando 
aplicações diversas. Mun et al. (2016) estudaram a interação de metilcelulose em macrogéis de 
amido carregados de emulsão, estabilizados por isolado proteico de soja e Tween 20. Os 
autores, avaliaram a digestão lipídica e bioacessibilidade de betacaroteno, mediante simulação 
gastrointestinal in vitro, demonstrando que a taxa de digestão lipídica e biodisponibilidade de 
carotenoides diminuíram com o aumento de metilcelulose. Shalviri et al. (2010) produziram 
hidrogéis de amido e xantana formados pela adição de agentes químicos de ligação. Os 
resultados apresentaram uma permeabilidade seletiva para entrega controlada de compostos, 
sendo úteis para liberação controlada de fármacos ionizáveis.  
Apesar de serem encontrados na literatura trabalhos com hidrogéis a base de amido, 
em sua maioria, a formação de ligações cruzadas para estruturação das redes se dá pela 
utilização de agentes químicos de ligação (Li et al., 2009b; Zhang et al., 2014). Uma ampla 




variedade de hidrogéis podem ser produzidos por técnicas e materiais variados, no entanto, 
novos métodos escalonáveis e viáveis visando produção em escala industrial podem ser 
desenvolvidos (Farjami & Madadlou, 2017).  
 
2.1.1.1. COMPOSIÇÃO DOS HIDROGÉIS  
Uma grande variedade de polímeros hidrofílicos e seus precursores tem sido usados 
para síntese de hidrogéis, sendo as principais classes compostas de polímeros naturais e seus 
derivados (proteínas e polissacarídeos) (Dragan, 2014). Os polissacarídeos de grau alimentício 
são provenientes de fontes microbianas ou plantas, apresentando características físico-químicas 
diversificadas, como peso molecular, presença de cargas, ramificação e polaridade, sendo 
extremamente vantajosos em relação aos polímeros sintéticos, por serem provenientes de fontes 
naturais, originando produtos biocompatíveis e não tóxicos (Albini, 2012). Estes 
polissacarídeos são capazes de formar géis via mecanismos ionotrópicos e térmicos (Coviello 
et al., 2007; Saha & Bhattacharya, 2010). 
Segundo polissacarídeo em abundância, após a celulose, o amido apresenta 
características interessantes, como facilidade de processamento, biodegradabilidade, 
biocompatibilidade e bioatividade. É um polissacarídeo hidrossolúvel composto por dois tipos 
de biopolímeros: amilose e amilopectina (Van Nieuwenhove et al., 2016). A amilose é formada 
por unidades de α-D-glicopiranose, unidas por ligações tipo α (1→4) enquanto que a 
amilopectina é um polímero com uma cadeia principal semelhante a amilose, que possui 
ramificações com ligações do tipo α (1→6) (Shalviri et al., 2010). Além da quantidade de 
amilose e amilopectina, a fonte de amido utilizada deve ser considerada, por apresentar 
diferenciações no peso molecular, cristalinidade, substituintes químicos, etc. (Zhang et al., 
2015a). Estas características refletem nas propriedades de gelatinização e retrogradação, 
resultando em pastas de amido com viscosidade variadas devido a relação de 
amilose/amilopectina presente em cada fonte de amido. A propriedade de carga superficial 
também pode variar com as modificações químicas ou enzimáticas e também pela fonte de 
amido (Fredriksson et al., 1998). Geralmente, géis de amido iniciam seu processo de 
degradação na boca pela ação da amilase, no entanto, quando associado à outros biopolímeros, 
podem ser utilizados para o desenvolvimento de hidrogéis que possibilitam a entrega controlada 
em diferentes regiões do trato gastrointestinal, uma vez que atuam no fortalecimento das redes 
biopoliméricas  (Zhang et al., 2015a). 




Para muitas aplicações, géis de amido em sua forma nativa podem apresentar baixa 
resistência ao cisalhamento e estabilidade térmica, além do elevado grau de retrogradação, 
podendo sofrer sinérese (Jayakody & Hoover, 2008). Sendo assim, o amido pode sofrer 
modificações físicas, enzimáticas e químicas, a fim de ser utilizado para aplicações específicas, 
alterando suas propriedades físico-químicas e atributos estruturais, o que é de grande interesse 
para indústria alimentícia. As propriedades dos amidos modificados são dependentes das fontes 
de amido, do processo e do grau de substituição química. Dependendo das características 
desejadas, o amido pode ser empregado para modificar a viscosidade, textura, reter umidade, 
atuar como agente de ligação, na formação de géis e filmes. Diversas aplicações podem ser 
listadas, como alimentos congelados, aquecidos, bebidas, molhos, entre outros (Zia Ud, Xiong, 
& Fei, 2017). Particularmente, o amido de batata contém grupos monoéster de fosfato 
covalentemente ligados à amilopectina, formando géis duros e fortes, que podem conferir 
aumento da viscosidade dos meios onde são adicionados (Fonseca-Florido et al., 2017). 
O alginato é um polissacarídeo natural, que apresenta benefícios por ser aceito 
como um aditivo alimentar, não apresenta toxicidade e possui propriedades desejáveis de 
mucoadesão e fácil manipulação (Li et al., 2009a). É um polímero de alta massa molar, formado 
por monômeros de ácido β-D-Manurônico e ácido α-L-Gulurônico, unidos de forma linear por 
ligações glicosídicas α (1→4) (Menezes et al., 2013). O alginato possui capacidade de formar 
géis por interação entre cátions divalentes, o que ocorre de maneira rápida, formando géis 
fortes.  
Hidrogéis de alginato podem apresentar tamanho de poros variando entre 5 e 200 
nm, dependendo da concentração de alginato e dos cátions empregados (George & Abraham, 
2006). São muito empregados para proteção de compostos bioativos que apresentam 
sensibilidade a acidez. Em condições ácidas como o trato estomacal, géis de alginato podem 
sofrer contração, devido à protonação dos grupos carboxílicos do alginato. Por outro lado, 
apresentam tendência ao inchamento quando submetido a condições de pH próximas a 
neutralidade, como por exemplo, intestino delgado, uma vez que as moléculas de alginato 
tornam-se altamente carregadas, repelindo-se mutuamente, podendo ocasionar a ruptura da rede 
de hidrogel. Estas características são muito exploradas para fabricação de sistemas de entrega 
controlada direcionados para aplicações gastrointestinais (Hari, Chandy & Sharma, 1996; 
Zhang et al., 2015a). No entanto, a combinação de alginato e outros biopolímeros tem 
apresentado características melhoradas em relação à estabilidade das matrizes e redução no 
tamanho de poros, o que ainda pode ser muito explorado, devido a potencialidade de modular 




as características dos sistemas de encapsulação de acordo com as aplicações desejadas 
(Fujiwara et al., 2013; Cook et al., 2014). 
Proteínas também são comumente empregadas na produção de hidrogéis, com a 
finalidade de estabilizar as estruturas formadas, mediante reações enzimáticas, físicas ou 
químicas (Zhang et al., 2015a). A gelatina é uma proteína obtida a partir da hidrólise parcial do 
colágeno, que pode ocorrer em meio ácido (Tipo A) ou alcalino (Tipo B), o que determina o 
seu ponto isoelétrico, sendo estes de aproximadamente (∼7-9) e (∼5) respectivamente (Lorenzo 
et al., 2011). É considerada um biopolímero anfifilico, por apresentar aminoácidos hidrofílicos 
e hidrofóbicos em sua estrutura, o que permite sua utilização como estabilizador de emulsões, 
proporcionando características fisico-químicas desejáveis em emulsões O/A para aplicação em 
alimentos e também como possíveis veículos de entrega controlada de fármacos e nutracêuticos 
de base lipídica (Sato, Moraes & Cunha, 2014; Hattrem et al., 2015; Mallick et al., 2016).  
Além das propriedades emulsificantes, a gelatina também apresenta capacidade de 
formar géis com baixo grau de histerese por meio de mecanismos físicos ou químicos, o que 
auxilia na estabilização de emulsões. A gelificação física proporciona a formação de géis 
termorreversíveis, uma vez que as ligações não covalentes são induzidas pelo resfriamento 
abaixo da temperatura de tripla hélice. A formação de géis químicos, por outro lado, ocorre 
devido à ação de enzimas ou reações químicas, formando ligações covalentes, que não sofrem 
alterações com mudanças de temperatura (Zhang et al., 2015a). 
Géis de gelatina apresentam propriedades interessantes, que possibilitam sua 
utilização no desenvolvimento de sistemas de entrega controlada, uma vez que suas 
propriedades termo reversíveis possibilitam o seu rompimento na temperatura fisiológica dos 
seres humanos (Malone & Appelqvist, 2003). Sistemas de entrega controlada de ativos 
empregando gelatina também podem ser delineados para liberação nas etapas gástricas e 
entéricas, mediante a combinação com outros biopolímeros. A mistura amido e gelatina, tem 
sido estudada por resultar em géis com propriedades mecânicas melhoradas, menores tamanhos 
de poros e resistentes à erosão em diferentes fluidos orgânicos (Dong, Wang & Du, 2006; 
Menezes et al., 2013; Cook et al., 2014). 
 
2.2. Microencapsulação 
A microencapsulação é uma tecnologia que possibilita o empacotamento de sólidos, 
líquidos ou moléculas de gás em pequena escala, permitindo a liberação do conteúdo sob 
condições controladas mediante a ação de estímulos (Parisi et al., 2014). Outra definição 




caracteriza a microencapsulação como um processo no qual pequenas partículas ou gotas são 
revestidas ou incorporadas em uma matriz, que proporciona uma barreira física para o material 
aprisionado (Gharsallaoui et al., 2007).  
O material de parede ou membrana atua reduzindo a permeabilidade e exposição 
do ativo com a finalidade de proteção, reduzindo a perda ou inativação de material encapsulado 
durante a exposição às condições adversas no processamento, armazenamento ou durante o 
consumo (Li et al., 2009b). As propriedades físico-químicas e composição do material de 
parede definem o grau de proteção dos compostos encapsulados, assim como a permeabilidade 
da matriz de encapsulação. O material de parede pode ser composto de uma ou mais camadas 
e a fase interna de um ou vários ingredientes (Gharsallaoui et al., 2007). 
A utilização da microencapsulação em alimentos proporciona vantagens como 
proteção de compostos sensíveis, a fim de evitar degradações pela luz, oxigênio, umidade, 
acidez e ingredientes reativos, evitar a perda nutricional, incorporar mecanismos de liberação 
controlada, mascarar ou preservar flavors e aromas e prevenir aglomeração (Shahidi & Han, 
1993). 
 
2.2.1. Técnicas de microencapsulação 
O processo de microencapsulação pode ser realizado mediante várias técnicas, que 
devem levar em consideração fatores como a aplicação que será dada à microcápsula, o 
tamanho desejado das partículas, o mecanismo de liberação, além de propriedades biológicas e 
físico-químicas, tanto do recheio quanto do agente encapsulante (Gharsallaoui et al., 2007; 
Cook et al., 2012). 
A técnica de microencapsulação depende das propriedades físicas e químicas dos 
materiais utilizados. Existem vários métodos físicos e químicos utilizados para a produção de 
microcápsulas, sendo estes divididos em três categorias: métodos físicos, químicos e físico-
químicos (Jamekhorshid, Sadrameli & Farid, 2014). 
Nos métodos físicos, a parede da microcápsula envolve o recheio através de 
transformações físicas nos biopolímeros utilizados, sendo a temperatura um dos principais 
processos empregados. Dentre os métodos físicos, podemos citar a pulverização em banho 
térmico, evaporação de solvente, liofilização, secagem por spray dryer ou spray chilling, entre 
outros. Inclusão molecular e polimerização interfacial são exemplos de métodos químicos. Já 
entre os métodos físico-químicos destacam-se a coacervação e separação de fases, gelificação 




iônica e emulsificação/evaporação do solvente (Zhang et al., 2013; Jamekhorshid, Sadrameli & 
Farid, 2014). 
  
2.3. Emulsões  
Emulsões são misturas de líquidos imiscíveis, nas quais gotículas de um líquido 
(fase dispersa) são dispersas em uma fase líquida contínua. A estabilidade destes sistemas é 
proporcionada pela ação de agentes emulsificantes. São sistemas entropicamente desfavoráveis, 
que apresentam instabilidade termodinâmica (Lad & Murthy, 2012). Proteínas apresentam 
propriedades emulsificantes e interfaciais e podem atuar como uma barreira física entre líquidos 
imiscíveis (Matalanis, Decker & McClements, 2012). Devido sua aplicação prática pela 
indústria de alimentos e por possibilitar a substituição de emulsificantes sintéticos, as proteínas 
tem despertado grande interesse. Além disso, estudos demonstram que proteínas alimentares 
podem atuar inibindo a oxidação lipídica em emulsões alimentares (Elias, Kellerby & Decker, 
2008; Taherian et al., 2011; Waraho, McClements & Decker, 2011). 
Para aplicação em sistemas alimentares, é importante garantir a estabilidade das 
emulsões, de forma que os alimentos não sofram alterações com sua adição, ou que estas 
alterações sejam mínimas durante as etapas de processo e armazenamento (Mosavian e Hassani, 
2010). Uma gama de alimentos utiliza emulsões em suas formulações, dentre eles maionese, 
sopas, molhos, manteiga e margarina (Guzey & McClements, 2006). 
 
2.3.1. Processos empregados na produção de emulsões  
Diferentes processos têm sido estudados a fim de alcançar maior estabilidade de 
emulsões. Processos de alta energia como rotor estator, dispositivos de ultrassom, 
homogeneizador a alta pressão, microfluidização, entre outros são amplamente empregados 
visando reduzir o tamanho das gotas para alcançar maior estabilidade (Jafari, He & Bhandari, 
2007; Jafari, Assadpoor & Bhandari, 2008). Estudos anteriores mostraram que, para processos 
de alta energia, o tipo de homogeneizador, condições de operação (intensidade energética, 
tempo e temperatura), composição da amostra (concentrações de óleo e emulsificante), além 
das propriedades físico-químicas dos compostos (tensão interfacial e viscosidade), resultam em 
emulsões com características diferentes (Leong et al., 2009). 
Comumente utilizado no preparo de pré-emulsões, o equipamento rotor-estator 
mistura líquidos de fases separadas através de um espaço estreito entre um disco rotativo (rotor) 
e um disco estático (estator). O processo rotativo promove um alto cisalhamento, que provoca 




a colisão contra a parede do estator, formando as gotas. As gotas geralmente são maiores que 
obtidas por outros processos de alta energia, uma vez que equipamentos rotor estator empregam 
menor energia (Maa & Hsu, 1996; Jafari, Assadpoor & Bhandari, 2008; Ma et al., 2012). 
Emulsões com menores tamanhos de gota podem ser produzidas pelo processo de 
sonicação. O mecanismo para a ruptura das gotas é a cavitação acústica, que consiste no 
crescimento e colapso de micro bolhas de gás dissolvidas no meio, que levam à quebra das 
gotas de emulsão (Behrend, Ax & Schubert, 2000). Os dispositivos ultrassônicos para aplicação 
em meio líquido podem ser de dois tipos: banho ou sonda. Nos banhos ultrassônicos, os 
transdutores estão localizados na parte inferior do banho. Nestes dispositivos as ondas são 
emitidas a partir de diferentes posições, o que pode causar interferências, resultando em 
diferentes intensidades de onda (Kiani et al., 2011). O sistema de sondas, consiste em um 
gerador e um conversor. O conversor transforma a energia em vibrações mecânicas que são 
transmitidas por uma sonda, aplicada diretamente na amostra (Jafari, Assadpoor & Bhandari, 
2008). 
Em geral, os sonicadores do tipo sonda têm alta intensidade e efeito localizado em 
relação ao de banho, que, por sua vez, apresenta menor intensidade e se propaga irregularmente 
(Dhanalakshmi & Nagarajan, 2011). Estas variações de processo, conjuntamente a outros 
fatores, são determinantes nas características das emulsões/sistemas biopoliméricos. Entre as 
vantagens do processo de sonicação estão a facilidade de limpeza, além do processo não 
empregar pressão externa (Gogate & Kabadi, 2009; Villamiel et al., 2017). 
Diversos estudos abordam misturas de polissacarídeos para o preparo de emulsões, 
apresentando resultados interessantes em relação à estabilidade (Doublier et al., 2000; 
Pallandre, Decker & McClements, 2007; Su et al., 2018). O processo de ultrassom pode 
melhorar essas características. Estudos recentes têm mostrado que o processo de ultrassom 
oferece a possibilidade de alterar estruturas proteicas sem o uso de aditivos ou tratamentos 
térmicos excessivos, simplificando o processo e agregando características funcionais, como 
melhora na dissolução, hidratação e hidrofobicidade, além de melhorar o desempenho 
emulsificante e reológico das proteínas, por reduzir viscosidade e agregados proteicos 
(O'Sullivan et al., 2017). Gavahian et al., (2018) investigaram a técnica de sonicação para 
melhorar a estabilidade de emulsões óleo-água estabilizadas por emulsificantes naturais 
(lecitina e goma acácia). Os autores apontaram que a sonicação produziu emulsões com melhor 
estabilidade física e menor tamanho de partícula, comparadas ao processo mecânico. A 
aplicação de ultrassom também tem sido associada a modificação de algumas propriedades 




físicas das soluções de amido e biopolímeros, permitindo diferentes aplicações (Iida et al., 
2008; Sujka & Jamroz, 2013; Mahsa et al., 2015). Estes trabalhos ressaltam a necessidade de 
pesquisas complementares para produção de emulsões por sonicação, a fim de superar 
obstáculos de escalonamento e explorar potenciais benefícios da técnica. 
 
2.3.2. Hidrogéis carregados de emulsão 
Hidrogéis carregados de emulsão são sistemas que permitem o aprisionamento de 
gotas lipídicas em redes biopoliméricas com características hidrofílicas, conhecidas também 
como hidrogéis. Sua produção ocorre incialmente pela dissolução dos agentes bioativos 
lipofílicos em uma fase oleosa, para posterior formação de uma emulsão ou nano emulsão óleo-
em-água utilizando um método de homogeneização apropriado (Yao, Xiao & McClements, 
2014). Posteriormente, diversos métodos como extrusão, incompatibilidade termodinâmica, 
complexação eletrostática e gelificaçao iônica, podem ser utilizados para estruturação destes 
sistemas (Matalanis, Jones & McClements, 2011; Shewan & Stokes, 2013). A composição 
interfacial das partículas de emulsão óleo em água, pode ser alterada após homogeneização por 
métodos de deposição eletrostática. Neste caso, camadas de biopolímeros carregados são 
depositadas nas partículas por interação eletrostática (Bai & Mcclements, 2016), como 
apresentado na Figura 1. 
Sistemas coloidais para produção de hidrogéis de emulsões utilizam proteínas para 
formação da fase contínua (Andrade et al., 2016). No entanto, estudos recentes também têm 
utilizado polissacarídeos para compor os géis. Diversos estudos são apresentados pela literatura, 
utilizando proteínas (Houzé et al., 2005; Abhyankar et al., 2011) e polissacarídeos para 
produção de hidrogéis carregados de emulsão (Matalanis, Jones & McClements, 2011; Zeeb et 
al., 2015). A formação de hidrogéis carregados de emulsão por gelificação iônica, ocorre 
quando a emulsão contendo biopolímeros carregados na fase aquosa, interage com sais de carga 
oposta, formando redes de hidrogéis que aprisionam as gotas de óleo (Bai & McClements, 
2016). 
Hidrogéis carregados de emulsão tem sido estudados e produzidos para proteger 
inúmeros componentes bioativos e nutracêuticos tanto na fase aquosa, como na oleosa, de 
acordo com suas propriedades hidrofílicas ou lipofílicas (Li et al., 2012; Bai & Mcclements, 
2016). As características reológicas e de liberação dos agentes bioativos podem ser delineadas 
através de variações na concentração de óleo e agentes gelificantes, composição dos hidrogéis, 
podendo diferenciar-se em relação à carga elétrica, peso molecular e interações matriz-núcleo, 




estado físico da fase oleosa, além dos processos de produção, pela variação das condições de 




Figura 1: Emulsão óleo em água adicionada de biopolímeros para formação de sistemas 
multicamadas por interação eletrostática (Fonte: Bai e Mcclements (2016)). 
 
Diversos biopolímeros tem sido estudados para produção de emulsões e hidrogéis 
carregados de emulsão visando estabilidade e proteção, bem como a combinação de 
biopolímeros. Mun et al., (2015) mostraram que hidrogéis de amido impediram a agregação de 
partículas lipídicas na boca e estômago, comparados a emulsão simples O/A, o que possibilitou 
maior acessibilidade da lipase. Park, Mun e Kim (2018) produziram hidrogéis carregados de 
emulsão a base de amido de arroz e goma xantana. Os autores mostraram que variando a 
concentração de goma xantana, foi possível modificar a bioacessibilidade do β-caroteno e a 
taxa de digestão lipídica. Xu et al., (2019) produziram hidrogéis de alginato de sódio contendo 
nanoemulsões pela combinação dos métodos de emulsificação e gelificação iônica para 
proteção de curcumina. A modulação das propriedades de entrega foi alcançada mediante 
alterações no pH. Toniazzo et al., (2014) encapsularam β-caroteno em lipossomas estabilizados 




pela ação de goma xantana e goma guar, mostrando que a mistura de gomas evitou a agregação 
dos lipossomas e a degradação do β-caroteno durante o armazenamento. 
 
2.4. Mecanismos de entrega 
Dentre os fatores que mais influenciam os mecanismos de entrega de compostos 
encapsulados, podem ser citados o tipo e a localização dos compostos ativos, sua interação com 
os biopolímeros e as propriedades físico-químicas das partículas, como densidade, morfologia, 
tamanho de poros, tipos de interações formadas com o meio onde estão inseridas e entre os 
compostos do sistema. Todos estes fatores influenciam as interações entre moléculas, 
determinando o tipo de mecanismo de entrega dos bioativos, que majoritariamente são 
classificados em difusão, degradação e intumescência, podendo também ocorrer a combinação 
destes (Jones & Mcclements, 2010; Zhang et al., 2015a), como pode ser observado pela Figura 
2. 
  






Figura 2: Mecanismos físico-químicos de entrega de componentes bioativos (Fonte: Zhang et 
al., (2015a)). 
Dentre os mecanismos de transferência de massa, a difusão é mecanismo aceito 
como predominante nos processos de transferência de massa, que ocorre em presença de um 
gradiente de concentração, sendo descrito pela Lei de Fick (Crank, 1975; Aguilera, 2005). O 
coeficiente de difusão é determinado por uma relação entre o tamanho dos poros dos hidrogéis 
e a dimensão das moléculas que se difundem, de modo que, para garantir a retenção de 
compostos bioativos em hidrogéis, os poros devem ser consideravelmente menores que o 
tamanho do composto bioativo. 
Um segundo mecanismo de liberação, conhecido por intumescência, ocorre quando 
as condições do meio favorecem o inchamento das partículas através de atrações ou repulsões 
eletrostáticas que podem se originar por modificações de pH, temperatura ou força iônica,  
provocando o aumento nos poros e consequentemente facilitando a liberação dos ativos (Zhang 
et al., 2015a). 
A ocorrência de erosões e fragmentações, também são fatores que influenciam a 
liberação de ativos, por provocarem degradação das camadas externas ou em toda rede dos 
hidrogéis, pela ação de forças químicas, enzimáticas ou físicas, de cisalhamento ou compressão. 
Estas forças provocam o enfraquecimento ou ruptura das ligações biopoliméricas, expondo os 
compostos de interesse (Jones e Mcclements, 2010). 
O conhecimento das propriedades dos agentes bioativos e materiais biopoliméricos, 
assim como das condições aos quais os mesmos são expostos, são determinantes para o controle 
dos gatilhos de liberação. Os mecanismos de gatilho para entrega dos bioativos nos locais de 
ação desejados, variam ao longo de toda extensão do trato digestivo, ocorrendo mediante 




condições específicas, como modifiações no pH ou temperatura, gradientes de concentração, 
ação enzimática, entre outros (Figura 3) (Zhang et al., 2015a). 
 
Figura 3: Mecanismos de gatilho para entrega de compostos bioativos protegidos por hidrogéis 
carregados de emulsão (Fonte: Zhang al., (2015a)). 
 A manipulação das condições de entrega, pode ser alcançada através do 
desenvolvimento de diferentes estruturas, que apresentam propriedades mecânicas, 
viscoelásticas e de porosidade distintas, observado as características dos materiais empregados 
nos sistemas de encapsulação. Muitos estudos vêm investindo no desenvolvimento de pesquisas 
voltadas à entrega controlada. Zhang et al., (2015b) desenvolveram hidrogéis carregados 
compostos de alginato e caseína por complexação eletrostática para entrega de compostos 
lipofílicos na fase oral, tendo como gatilho de entrega a variação no pH. Em outro estudo, Zhang 
et al., (2015c) produziram hidrogéis carregados de gelatina e caseína para entrega de bioativos 
via oral, tendo como gatilho, modificações de temperatura. Li et al., (2009a), observaram 
durante simulação das condições gastrointestinais in vitro, que cápsulas de alginato e gelatina 
se mostraram instáveis à mudança de pH do meio ao passar de ácido para neutro, sendo este um 
mecanismo de gatilho para entrega de compostos com ação no intestino. Este processo ocorre 
devido à exposição dos íons Ca+2 ligados aos grupos carboxílicos do alginato aos sais presentes 
na etapa de simulação entérica, que iniciam um processo de troca iônica, resultando na 




relaxação das cadeias, com consequente repulsão dos grupos negativos COO- do alginato, 
ocorrendo inchamento e ruptura do gel. 
A utilização de gelatina ou amido associados ao alginato, tem proporcionando a 
formação de redes biopoliméricas com menores tamanhos de poros. Possivelmente nestes casos 
ocorre o preechimento da rede do alginato, formando uma estrutura mais coesa, o que pode 
resultar em propriedades de proteção melhoradas e entrega gradual ao longo do trato intestinal 
(Burey et al., 2008; Cook et al., 2014; Silva & Sato, 2017). Além disso, a produção de microgéis 
com camadas de recobrimento composta gelatina e/ou amido, possibilita desenvolver sistemas 
de entrega controlada na boca, uma vez que as propriedades termo reversíveis da gelatina 
permitem seu rompimento na temperatura fisiológica durante o consumo (Malone & 
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Highlights 
• Electrostatic complex between gelatin, starch, and alginate are formed on pH 3 
• Hydrogels were formed using small alginate concentration and starc as structuring agent  
• Coating ensured greater protection to the network during simulated digestion 
• The produced emulsion filled microparticles may be used as delivery systems  
  





Encapsulation structures for oral administration have been widely employed by the food, 
personal care, and pharmaceutical industries. Emulsion filled microgels can be used to 
encapsulate bioactive compounds, allowing the entrapment of lipid droplets on biopolymers 
network and promoting lipophilic and hydrophilic bioactive protection. The influence of pH 
and biopolymer concentration for formation and structuring emulsions were evaluated, 
allowing to produce starch emulsion filled hydrogels, with small alginate concentration (0.5% 
w/w), and gelatin as an emulsifier. Emulsion stability was achieved at pH 6, while 
destabilization was verified under acidic conditions, due to the biopolymer complexation. 
Defined the emulsion pH, microgels and coated microgels were produced by electrostatic 
interactions, as evidenced by zeta potential and quartz crystal microbalance. The alginate and 
gelatin coating did not affect the spherical morphology of the microparticles. Digestibility assay 
showed that the coating layer provided additional microgel protection during oral and stomach 
phases, demonstrating the ability of encapsulation systems to promote target delivery of 
bioactive compounds. 
 
Keywords: starch, emulsion, stability, coating layer, electrostatic interaction. 
  





Microencapsulation has been applied in food for ensuring the protection and 
stability of bioactive compounds, such as nutraceuticals, which are known for their ability to 
promote health benefits for consumers (Zhang et al., 2015). This technique has been used to 
prevent bioactive degradation and nutritional loss, and to control the release during the 
consumption (Shahidi & Han, 1993), providing better bioactive performance when released at 
the action site (Zhang et al., 2015). 
To achieve these benefits, several microencapsulation techniques have been 
studied, such as emulsification, atomization, coacervation, microfluidics, among others, (Leon 
et al., 2016). In this context, some studies have focused on developing controlled delivery 
systems for specific regions of the gastrointestinal tract (Zhang et al., 2015), or under certain 
conditions, such as mechanical forces, pH and temperature changes (Dragan, 2014). Systems 
with specific release characteristics can be achieved by the combination of processes, pH, ionic 
strength, types and concentration of biopolymers, as well as the interactions between bioactive 
compounds and encapsulation matrix (Matalanis, Jones & McClements, 2011). 
Among the microencapsulation processes, emulsification allows mixing immiscible 
liquids, with the stability provided by emulsifying agents (Lad & Murthy, 2012). For emulsions 
application in food and microencapsulation systems, it is important to ensure their stability, to 
avoid or minimize changes during process and storage (Mosavian and Hassani, 2010). In this 
sense, emulsions association with other microencapsulation techniques, such as microgels by 
gelation mechanisms, allows providing greater stability. In addition, the production of 
microgels with coating, can provide greater protection of bioactive and stability (Annan, Borza, 
& Hansen, 2008). 
Hydrogels consist of three-dimensional polymer networks, which may be formed 
by ionic forces, hydrogen bonds or hydrophobic interactions. They exhibit high water retention 
capacity, a good affinity with hydrophilic compounds and viscoelastic characteristics, which 
permits their use as texture modifiers (Ullah, et al 2015; Ahmed, 2015).  
Systems known as emulsion filled hydrogels are originated from the association of 
emulsification and ionotropic gelation. In this system, an oil phase is mixed with a biopolymer 
solution, for emulsion production (Li et al., 2012; Yao, Xiao & McClements, 2014). 
Subsequently, ionic or electrostatic interactions can be used to structure, and form emulsion 
filled hydrogels (Matalanis, Jones & McClements, 2011; Shewan & Stokes, 2013).  




Some studies have demonstrated that the biopolymers association with varied 
properties can allow networks with greater stability and protection capacity, besides 
contributing to the viscosity when added to foods (Shalviri et al., 2010). In this sense, food-
grade biopolymers such as gelatin (Van Nieuwenhove et al., 2016), alginate (Leon et al., 2016) 
starch and carrageenan (Derkach et al., 2015) can result in systems with interesting abilities, as 
bioactive protection, stability, and controlled delivery. Potato starch has been widely used in 
commercial applications and has interesting characteristics, such as low cost, and the ability to 
form strong and hard gels (Fonseca-Florido et al., 2017). 
In this research, we investigate the starch incorporation in gelatinized form as the 
main responsible for structure emulsion filled hydrogels, aiming to produce encapsulation 
structures for protection of lipophilic and hydrophilic compounds. The process conditions and 
biopolymer concentration that enable the emulsion stability and filled hydrogels production 
with alginate, gelatin, and potato starch blend was evaluated. The produced microgels were also 
coated by electrostatic interaction with gelatin and alginate, and their properties evaluated by 
in vitro digestibility. This information may be useful in developing differentiated food-grade 
systems aiming for controlled delivery of bioactive in the gut, to modulate satiety and to 
developing texture modifiers.  
 
3.2. Material and methods 
3.2.1. Material 
Alginate FD 17X donated by Danisco (France), gelatin A-type - bloom 280 (~5.5 
isoelectric point and 87.92 ± 0.39 g/100 g protein content) supplied by Gelco (Brazil), potato 
starch (~66 °C gelatinization temperature and 31.16 ± 0.41 % amylose content) acquired from 
Zona Cerealista (Brazil) and sunflower oil Qualitá (Brazil), purchased from local supermarket, 
were used. For the preparation of simulated gastrointestinal fluids, α-amylase (A3176), porcine 
pepsin 3200-4500 U / mg (P6887), pancreatin 8 x USP (P7545) and porcine bile extract 160mM 
(B8631) - Sigma-Aldrich (USA) were used. All other chemicals were of analytical grade or 
equivalent. 
  




3.2.2.  Methods 
 
3.2.3.  Biopolymers characterization  
3.2.3.1. Surface charge as a pH function 
The zeta potential of biopolymers as a function of the pH was determined by 
titration curves of alginate 0.1% (w/w), starch 0.1% (w/w) and gelatin 0.5% (w/w) diluted in 
Milli-Q water, using a Zetasizer Nano Series (Malvern Instruments, UK) coupled to MPT-2 
Multi Purpose Titrator (Malvern Instruments, UK) at 25 °C. 
 
3.2.4.  Aqueous phase preparation  
For emulsion filled hydrogels production, the aqueous phase is the first step before 
emulsion production. In order to produce encapsulation systems composed mainly of starch, 
various starch (3.0 – 6.9 % w/w) concentrations were previously tested (data not shown). 
However, the atomization process was unfeasible due to the high starch paste viscosity. Thus, 
alginate concentrations ranging from 0.1 to 0.5 % (w/w) were added to the starch network 
aiming to reduce the starch concentration. After the tests, the concentration of starch (3.0 % 
w/w) and alginate (0.5 % w/w) was established, as it allowed the atomization process and the 
formation of self-sustained systems. 
The aqueous phase was prepared at pH 6 ± 0.2 and pH 3 ± 0.3 using HCl (0.5 M) 
or NaOH (0.1 M) for pH adjustment. Biopolymers were evaluated to produce microgels 
composed by the association of starch 3.0% (w/w) (S3.0), gelatin 1.5% (w/w) (G1.5), and alginate 
0.5% (w/w) (A0.5), to ensure ionic gelation. Pure solutions of alginate 1.0% (w/w) (A1.0) and 
gelatin 1.5% (w/w) (G1.5), were also produced, for coating microgels. 
For S3.0A0.5G1.5 aqueous phase, alginate was added in deionized water at room 
temperature and kept under constant magnetic stirring until complete dissolution, for about 20 
minutes. Sequentially, starch was added, and the solution was heated at 90 °C under the 
magnetic stirring for 20 min to ensure gelatinization. Prior gelatin addition, the solution was 
cooled to 45 °C and the magnetic stirring kept at 800 rpm for a further 20 minutes. For S3.0A0.5 
aqueous phase, the same procedures were followed, however, gelatin was not added. 
An aqueous phase containing only alginate (A1.0) was prepared at room temperature 
under constant magnetic stirring for 20 minutes, until complete dissolution. To prepare pure 
gelatin solution (G1.5), the same conditions were maintained, however, the solution was heated 




to 45 °C. These solutions were used as a control to produce emulsions and for coating layers. 
All produced formulations are presented in Table 1. 
 
Table 1: Biopolymeric concentrations (% w/w), pH used for aqueous phase production and 
process step in which solutions were used.  




%Gelatin (m/m) pH Process 
S3.0A0.5 3.0 0.5 - 3; 6 Emulsion (E) 
A1.0 - 1.0 - 3; 6 Emulsion (E)/Coating (CA6) 
G1.5 - - 1.5 3; 6 Emulsion (E)/Coating (CG3 and CG6) 
S3.0A0.5G1.5 3.0 0.5 1.5 6 Emulsion (E)/Particle (P)/Microgel 
(M) To identify the different processes used in this study for each formulation, they were named as follow: Emulsion 
(E), Particles by dripping (P), Microgels by atomization (M), Microgels Coating Layer with Gelatin at pH 3 and 
pH 6 (CG3, CG6), respectively, and subsequently Microgels Coating Layer with Alginate at pH 6 (CA6).  
3.2.5. Emulsions preparation  
Emulsions were produced using 20% (w/w) of sunflower oil and 80% (w/w) of each 
biopolymers aqueous phase, at pH 6 and pH 3, using Ultra Turrax SilentCrusher M (Heidolph, 
Germany) at 20000 rpm for 4 min. 
 
3.2.6.  Emulsions evaluation 
3.2.6.1. Stability 
Immediately after preparation, 50 ml of each emulsion was poured into a cylindrical 
glass tube, sealed with a plastic cap and stored in BOD (MA 415 UR, Marconi, Brazil) at 25 
°C for 24 hours. The emulsion stability was measured by the height of the bottom phase (Hb) 
and expressed as a creaming index (CI) determined according to equation 1. 
𝐶𝐼(%) =  𝐻𝑏 𝐻0⁄ ∙ 100             (1) 
where H0 represents the initial height of the emulsion.  
3.2.6.2.  Size distribution 
Measurement of microgels and droplet size distribution for emulsions was performed 
in a Malvern Mastersizer S (Malvern Instruments, UK) equipped with accessory Hydro 2000S 
(Malvern Instruments, UK). Values of the Sauter mean diameter, which is inversely 
proportional to the specific surface area of droplets, were obtained (Equation 2). The 
polydispersity (Span) was also evaluated (Equation 3). 

































where ni is the number of droplets with a diameter di, and 𝐷10, 𝐷50, 𝐷90 (µm) are 
diameters at 10, 50 and 90 % of cumulative volume, respectively.  
 
3.2.7. Emulsion filled hydrogels preparation and coating  
The ideal pH (3 and 6) for emulsion filled hydrogel production (particles and 
microgels) was evaluated with emulsion S3.0A0.5G1.5 dripping and atomization in 150 mM CaCl2 
solution, respectively. Particles by dripping of emulsions were produced to define the ideal pH 
for structuring hydrogels. In this condition, a Masterflex hose at a height of 3 cm from the saline 
solution was used. 
Emulsion filled microgels were obtained by emulsion atomization using a nozzle 
(Labmaq do Brasil Ltda, Brazil) with a 0.7 mm of diameter. The emulsion was atomized in a 
150 mM calcium chloride solution at room temperature. The height between the atomizer 
nozzle and the CaCl2 solution was set at 15 cm, Masterflex peristaltic pump (7518-00) was set 
at a flow rate of 10 ml/min and the compressor pressure at 0.5 bar. Emulsion filled 
microparticles were kept under stirring in CaCl2 solution for 30 min and were collected using a 
0.044 mm sieve. Subsequently, part of the microgels were coated with 1.5 % (w/w) gelatin 
solution for 10 minutes (pH 3 ± 0.3 and pH 6 ± 0.2), followed by immersion in 1.0 % (w/w) 
alginate solution at pH 6. Particles were washed before immersion in CaCl2 150 mM. 
 
3.2.8.  Emulsion filled microgels evaluation 
3.2.8.1. Surface charge  
The ζ-potential values of diluted biopolymer solutions (S) and emulsions (E) were 
measured using a Zetasizer Nano Series (Malvern Instruments, UK), to determine the driving 
force that promotes electrostatic interaction during microgels production. Also, the ζ-potential 
of the microgels (M) and microgels with coating layers (CG3, CG6, and CA6) was determined as 
described by Ching, et al., (2015) and Azarikia, et al., (2015), with some modifications.  
 




3.2.8.2. Biopolymer deposition 
Measurement of biopolymer deposition with coating was carried out in a multi-
frequency quartz crystal microbalance (QCM)(QCM 200, Stanford Research Systems, SRS, 
USA), equipped with AT-cut quartz crystal (5 MHz) with optically flat polished titanium/gold 
electrodes. Adsorption measurements were carried out by alternate immersion of the crystal 
into diluted biopolymeric solutions (0.1 % w/w): S3.0A0.5G1,5 at pH 6.0; G1.5 at pH 3.0 and A1.0 
at pH 6.0, respectively, each for 10 min. The variations of resonance frequency (ΔF) were 
simultaneously measured as a function of time; analyses were made at 25 °C (Bourbon, et al., 
2015). 
 
3.2.8.3. Morphology  
Microgels morphology was observed in an optical microscope Axio Scope.A1 (Carl 
Zeiss, Germany) with 100 and 40 × objective lenses. The images were captured with the 
software AxioVision Rel. 4.8 (Carl Zeiss, Germany). 
For evaluating the behavior along digestion steps, fluorescence microscopy was 
carried out. Microgels and aliquots of each step of digestion were stained with Nile Red. The 
morphology of the microgels was observed in a fluorescence microscope (Axio Scope.A1, Carl 
Zeiss, Germany) using a 40 × objective lens coupled with a filter set 43 (excitation: BP545/25; 
beamplitter: FT 570; emission BP 605/70). 
 
3.2.8.4. In vitro digestibility 
Aiming at the application of emulsion filled microgels stabilized by starch, alginate, 
and gelatin as carriers of bioactive compounds for oral delivery, in vitro digestibility assay was 
performed using the static method. For this, emulsion filled microgel S3.0A0.5G1.5 and coated 
emulsion filled microgel S3.0A0.5G1.5_CG3A6, were placed in a stirred (100 rpm) double jacketed 
reaction vessel (37 °C), with simulated salivary fluid (SSF), simulated gastric fluid (SGF) and 
simulated intestinal fluids (SIF), according to methodology proposed by Minekus et al. (2014). 
For oral phase simulation, α-amylase (enzymatic activity 9.65 ± 0.40 U / mg) was 
used in a concentration of 75 U / ml, added with the SSF stock solution, prepared at the required 
concentrations. The pH of samples was adjusted to 7 and incubated at 37 °C for 2 minutes, 
before transferred to the SGF. The simulated gastric fluid was obtained by the addition of stock 
solution of SGF and pepsin (2000 U / mL at the end of the mixture) (enzymatic activity 542.35 
± 38.55 U / mg), the pH was adjusted to 3 before incubation at 37ºC for 2 hours. At the enteric 




stage, the resulting mixture of gastric digestion was added to the simulated intestinal fluid, with 
160 mM bile extract (10 mM at the end of the mixture) and 800 U / mL pancreatin (enzymatic 
activity 5.69 ± 0.20 U / mg). The pH was adjusted to 7 and samples was incubated for 2 hours 
at 37 °C. Aliquots were removed at the end of each step for characterization of size distribution 
(2.2.6.1) and fluorescence microscopy (2.2.6.4). 
 
3.3.  Statistical analyses 
All trials were replicated three times and, unless otherwise stated, all analyses were 
carried out in two independent replicates. SISVAR software - Computer Statistical Analysis 
System (Ferreira, 2011) was used for the analysis of variance (ANOVA). The significant 
differences (p < 0.05) between different samples were determined by the Tukey procedure.  
 
3.4. Results and discussion 
 
3.4.1. Biopolymers characterization  
3.4.1.1.  Surface charge as a pH function 
Understanding the charge of biopolymers as a function of pH is important when it 
is desired to promote electrostatic interactions between compounds. It is possible to observe 
that alginate and potato starch present negative charge throughout the evaluated pH range (Fig. 
1). Similar values for potato starch are reported by Marsh & Waight (1982). The opposite 
charge was observed for gelatin at the acidic condition, with an isoelectric point close to pH 5.5 
(Fig. 1). These results indicate that under certain pH conditions, electrostatic interactions 
between biopolymers may be favored, mainly for the adhesion of gelatin and alginate coating 
layers on microgels. 
After preparation, the solutions presented pH 6 ± 0.39, therefore, this condition was 
chosen to be studied for emulsions preparation. The pH 3, on the other hand, offers the 
possibility of structuring the systems by electrostatic interaction, favoring the conditions for 
coating S3.0A0.5G1.5 emulsion filled microgels with gelatin and sequentially with alginate. Thus, 
the pH values 3 and 6 were chosen to produce biopolymeric solutions. 
 





Figure 1: Surface charge of the biopolymers solution as a pH function, alginate (A), gelatin 
(G) and potato starch (S) as a function of pH. 
 
3.1.1. Evaluation of emulsion stability and particles by dripping as a 
function of pH 
The ability of the individual compounds (gelatin, alginate, and starch) and 
biopolymers blends to stabilize sunflower oil emulsions was evaluated. The results showed that 
both the biopolymers (isolated or blends) and pH affect the emulsion stability (Fig. 2).  
Many hydrocolloids can act as emulsions stabilizers. However, few have 
emulsifying characteristics, acting at the interface and stabilizing the droplets during and after 
the emulsification process (Dickinson, 2003). Gelatin presents surface properties capable of 
acting on emulsion stability (Abdelmalek, et al., 2016). The pH variation of the gelatin solutions 
showed to modify its stabilizing properties (Fig. 2a and 2b). At pH 3, fresh gelatin emulsion 
showed a size distribution of 3.97 ± 0.47 µm, compared to 
11.96 ± 4,74 µm, for fresh gelatin emulsion at pH 6, in addition to greater stability over 24 
hours. Gelatin emulsion at pH 6 presented phase separation at 24 hours(data not shown) (CI 
(%): 47.75 ± 5.73), while the gelatin emulsion at pH 3 was stable within this period. The 
observed phase separation for gelatin emulsion at pH 6 may have been caused by the isoelectric 
point proximity (ZP ~ -3.85 ± 0.22) (Fig. 1), resulting in droplet coalescence, represented by 
the higher values for D [3,2]. The same was not observed for gelatin emulsion at pH 3, possibly 
due to the higher surface charge (ZP ~ + 20.66 ± 0.44) (Fig. 1), which causes greater 























electrostatic repulsion at the interface combined with interface coverage, are directly related to 
emulsion stability (Dickinson, 2009). 
Regarding alginate stabilized emulsions (Fig. 2c and 2d), at pH 6, phase separation 
was observed after 24 hours (CI (%): 42.40 ± 2.23). Cloudy staining was observed in the 
alginate solution when the pH was adjusted to 3. Probably, due to monovalent ions present in 
the buffer solution, that may have caused partial alginate gelation (Yotsuyanagi et al., 1991), 
preventing droplets mobility and consequently, droplets aggregation and phase separation. 
Possibly, this may explain the smaller droplet sizes obtained at 24 hours by the alginate 
emulsion under acidic pH, compared to the alginate emulsion at pH 6 (Fig. 2c and 2d). 
Although at pH 3 and 6 the S3.0A0.5 emulsion did not show phase separation, a thin 
water layer in the upper part of the cylindrical glass tube was observed, attributed to the starch 
retrogradation. The gelatinized starch solutions used to produce S3.0A0.5 emulsion showed high 
viscosity compared to pure gelatin and alginate emulsions, which may have acted as a barrier 
to droplet mobility, avoiding phase separation, despite none of the biopolymers have 
emulsifying capacity. S3.0A0.5 emulsion at pH 3 presented oil droplets larger than S3.0A0.5 at pH 
6, for fresh emulsions (Fig. 2e and 2f). A viscosity reduction of gelatinized starch at acidic pH 
was reported due to the hydrolysis of the amylose and amylopectin chains (Hirashima, 
Takahashi & Nishinari, 2005). Possible, reducing the physical barrier offered by starch and 
alginate aqueous phase between oil droplets.  
The emulsions stabilized by the association of the hydrocolloids and protein 
(S3.0A0.5G1.5) presented particle sizes of 10.70 ± 2.37 µm and 2.45 ± 0.03 µm at pH 3 and 6, 
respectively (Fig. 2g and 2h), and no phase separation after 24h. The smallest emulsion droplet 
sizes were obtained at pH 6. Besides that, only using S3.0A0.5G1.5 at pH 6 it was possible to 
produce particles by dripping (Fig. 3a). S3.0A0.5G1.5 emulsion dripping at pH 3 resulted in 
aggregates of oil droplets and biopolymers (Fig. 3b). Possibly, at pH 3, the S3.0A0.5G1.5 emulsion 
allows the formation of electrostatic complexes between biopolymers, which affects the ionic 
gelation process to produce particles. Electrostatic complexes between gelatin and alginate have 
been reported and related to conditions were the biopolymers exhibit opposite surface charges 
(Shinde & Nagarsenker 2009; Devi & Kakati, 2013). At pH 3, gelatin is positive due to the 
presence of amino groups and alginate is negative, due to the presence of carboxyl groups. 
These groups are responsible for a complex formation (Saravanan & Rao, 2010), which does 
not occur at pH 6.  




From S3.0A0.5G1.5 formulation at pH 6, it was possible the formation of stable 
emulsions, with the smallest droplets sizes and production of emulsion filled microgels. 
Therefore, this pH condition was chosen for the encapsulation systems production. 
  




































Figure 2: Optical microscopy of fresh emulsions, size distribution, mean droplet diameter D[3,2] 
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24h: 18.10 ± 2.82   2.74 ± 2.86




emulsions (0h) and dotted lines represent size distribution of emulsions after 24h. (A) G1.5 at 
pH 3. (B) G1.5 at pH 6. (C) A1 at pH 3. (D) A1 at pH 6. (E) S3.0A0.5 at pH 3. (F) S3.0A0.5 at pH 6. 
(G) S3.0A0.5G1.5 at pH 3 and (H) S3.0A0.5G1.5 at pH 6. Scale bar 20 µm.  
 
  
Figure 3: (A) Particles by dripping of S3.0A0.5G1.5 emulsion filled hydrogels at pH 6. (B) 
Electrostatic complexes formed by S3.0A0.5G1.5 emulsion filled hydrogels at pH 3. 
 
3.1.2.  Evaluation of emulsion filled microgels and coating  
After determining the pH condition that allowed the production of particles by 
dripping, S3.0A0.5G1.5 (pH 6) microparticles was produced by atomization. Microgels were 
covered with gelatin (pH 3 and 6) and alginate (pH 6), respectively, by electrostatic interaction, 
to increase the protection of encapsulation systems. The effectiveness of coating by electrostatic 
interaction was evaluated by the surface charge of the S3.0A0.5G1.5 aqueous phase, emulsion, 
microgels and coated microgels (Figure 4). The evidence of coating observed by zeta potential, 
has been confirmed through quartz crystal microbalance (QCM) analysis (Figure 5). The 
decrease of frequency after each biopolymer adsorption step, evidence that a biopolymer mass 
has deposited on the crystal. 
At pH 6, S3.0A0.5G1.5 solution presented zeta potential -35.83 ± 0.59 (mV), while, 
after emulsion preparation, emulsion zeta potential reached -59.87 ± 0.95 (mV) (Fig. 4). We 
postulated that’s, such charge increase may be related to the configuration of the emulsion, 
where gelatin is preferable located at droplets interface, and alginate, polymer with higher 
negative surface charge (Fig. 1), in the aqueous phase. Comparable observations by Pallandre, 
et al, (2007), for alginate and casein emulsions, showed that, for pH values higher than protein 
isoelectric point and alginate pKa (approximately 3.5), both are negatively charged. Therefore, 
due to electrostatic repulsion, alginate did not absorb droplet surfaces, being located at aqueous 
phase. 
a b 




As expected, after cross-linking, microgels reduced the surface charge (-8.52 ± 0.21 
mV). During alginate gelification, calcium ions interact electrostatically with α-L-guluronic G 
blocks of alginate, forming junction zones, (Hecht & Srebnik, 2016), explaining charge 
reduction. For gelatin and pectin microgels, cross-linking also showed a change in the exposure 
of charged groups located at the surfaces of the microgels (Azarikia, et al., 2015). The authors 
suggested that the cross-linking modifies the surface chemistries and three-dimensional 
orientation of the biopolymer molecules. 
Gelatin coating was evaluated at pH 3 and 6 (Fig. 4). For gelatin at pH 6, no 
significant difference in surface charge was observed after coating. A change in surface charge 
from -8,52 ± 0.21 (mV) for microgels, to +7.47 ± 0.98 (mV) for microgels coated with gelatin 
at pH 3, supports the hypothesis that, at this pH condition, the gelatin positive charge (Fig. 1) 
promote a deposition on microgels by electrostatic interaction. Analyzing the QCM obtained 
data, the frequency reduction observed after contact with gelatin at pH 3, also confirms that G 
(pH 3) is prone to ensure the effectiveness of the coating. Similarly, a complexation of alginate 
microgels and sodium caseinate solution at pH 3 and 4 was also observed by Zeta Potential for 
Ching, et al (2015). Comparing the surface charge of the protein solution with protein-microgel 
interaction, the authors reported a net charge reduction for protein when associated with 
microgels, suggesting an interaction between alginate microgels and caseinate at pH 3 (Ching, 
et al., 2015). 
The surface charge of microgels coated with gelatin with a second alginate external 
layer was -2.89 ± 0.16 (mV) (M-CG3A6), also indicating slight deposition of the polysaccharide 
by electrostatic interaction (Fig. 4). In this condition, biopolymers solutions presented opposite 
charge and the electrostatic interaction presented by zeta was also observed by QCM analysis. 
A Delta F (Hz) reduction from approximately -27 Hz to -40 Hz was registered with the second 
alginate layer (Fig. 5). Similar results for opposite charge biopolymers were observed for 
chitosan-alginate films (Martins, Mano & Alves, 2010) and κ-carrageenan-chitosan 
polyelectrolytes multilayer systems (Pinheiro, et al., 2012). 
Emulsion filled microgels (S3.0A0.5G1.5) at pH 6 were spherical, with oil droplets 
uniformly dispersed throughout the particle (Fig. 6a). The coating layer increases the mean 
droplet diameter of microgels and maintained their spherical shape, with the oil droplets 
distributed throughout the gel matrix (Fig. 6b). Due to the electrostatic complexation between 
biopolymers at pH 3, the atomization of S3.0A0.5G1.5 pH 3 resulted in the formation of aggregates 
(Fig. 6c). 




Results indicate that the coating with gelatin at pH 3 was achieved by electrostatic 
interaction and an second alginate layer pH 6 has also been successfully added to the particles, 
which may be interesting for the development of controlled release systems. 
 
Figure 4: Surface charge of S3.0A0.5G1.5 solution (S), S3.0A0.5G1.5 emulsion (E), S3.0A0.5G1.5 
microgel (M), S3.0A0.5G1.5 microgel with Gelatin coating layer at pH 6 (M-CG6), S3.0A0.5G1.5 
microgel with Gelatin coating layer at pH 3 (M-CG3) and S3.0A0.5G1.5 microgel with Gelatin 
coating layer at pH 6 (M-CG6) and Alginate coating layer at pH 6 (M-CG6A6) 
. 
 
Figure 5. Biopolymer deposition with coating measured by QCM. Results showed changes in 
frequency as a function of time for SAG (pH 6) (S3,0A0.5G1.5), and solutions of coating G (pH 




























































   
Figure 6: Optical microscopy of emulsion filled microgels obtained from the gelation of 
S3,0A0.5G1.5 emulsion. (A) Microparticle S3,0A0.5G1.5 at pH 6. (B) Microparticle S3,0A0.5G1.5 at 
pH 6 coated with Gelatin 1.5% (w/w) at pH 3 and Alginate 1% (w/w) at pH 6. (C) Electrostatic 
complexes by emulsion S3,0A0.5G1.5 at pH 3. Scale bar 20 µm. 
3.1.3. In vitro digestibility 
Carriers systems for release of beneficial lipophilic compounds such as vitamins 
and polyunsaturated fatty acids are desirable. Therefore, exploring and understanding the 
behavior of emulsion filled hydrogels submitted to digestibility, is of great importance for the 
development of lipid-based products (Corstens et al., 2017). 
Microgels S3.0A0.5G1.5 and coated microgels S3.0A0.5G1.5_CG3A6 were subjected to in 
vitro digestibility, aiming the application of the emulsion filled microgels as carriers for oral 
delivery of bioactive compounds. Their size and optical fluorescence microscopy were 
evaluated along the digestibility assay (Fig. 7). 
Before the digestibility, microgels presented lipid droplets relatively small (Fig. 7a1 
and 7b1), as presented for emulsions 2.45 ± 0.03 µm (Fig. 2h), and distributed uniformly 
throughout the system (Fig. 7a1 and 7b1). 
For microgels without coating layer, exposed to simulated oral conditions, the 
microscopy measurements indicated an increase in the size of the oil droplets located at the 
boundary of the particles (Fig. 7a2). On microgels, the oil droplets are structured by the gel 
network. Although, the border regions are directly exposed to the amylase, salivary electrolytes, 
moderate changes in pH and temperature (around 37 °C) (Singh & Sarkar, 2011). Due to 
amylase action and temperature increase, such exposure may have initiated the degradation of 
starch network and changes on gelatin structure of S3.0A0.5G1.5 microgels, which promoted the 
coalescence of a few drops of the surface. For coated microgels, the coalescence of oil droplets 
at mouth was not observed (Fig. 7b2), due to the protection of gelatin and alginate external 
layer. Alginate has also been reported to slow rice starch digestion (Koh et al., 2009). In addition 
to the physical barrier, the interactions of protein-starches and formation of lipids amylose 
c a b 




complexation have been associated with longer starch digestion (Singh, Dartois & Kaur, 2010). 
Therefore, the coating layer can provide greater stability of the particle at the oral phase, 
ensuring that the biopolymer network and oil are protected, maintaining starch interaction with 
gelatin and lipids and prolonging digestion rates. 
For coated and non-coated microgels, a reduction in D[3,2] values was observed after 
the oral simulation. This result was attributed to the aggregates formed by the particles after 
production, that were not observed at the oral phase (Fig. 7a and 7b).  
After exposure to simulated gastric conditions, S3.0A0.5G1.5 microgels presented a 
more evident droplet coalescence at the interface and mean droplet diameter of. 45.65 µm. 
Slight coalescence was observed for S3.0A0.5G1.5_CG3A6, microgel at interface, and the particle 
size was 247.00 µm (Fig 7a3 and 7b3). Probably due to alginate stability under acidic conditions. 
Previous reports for emulsions, have attributed the hydrolysis of proteins used as emulsifiers, 
by proteases action at stomach phase, associated with ionic strength and pH changes, weakening 
electrostatic repulsion between the droplets and promoting coalescence (Mun, et al., 2017). 
Although these results were reported for emulsions, as the interface of uncoated microgels is 
more exposed to the action of digestive fluids, the weakening of the gel network at the border, 
allowed protease action, leading to greater coalescence observed for the S3.0A0.5G1.5, compared 
to coated S3.0A0.5G1.5 particles. But, it is noteworthy, that the biopolymeric network remains 
stable along all the gastric extent. The lower degree of destabilization observed by 
S3.0A0.5G1.5_CG3A6 under the gastric condition, ensured by alginate coating layer, can present an 
interesting application. Lower emulsion destabilization during digestibility has been associated 
with a delay in gastric emptying, modifications on the release of digestive hormones and greater 
satiety (Balessi, et al., 2016). Reduction on average particle size (D[3,2]), observed at the gastric 
phase, can be attributed to the release of some oil droplets at the medium (Fig. 7a and 7b). After 
exposure to oral and gastric fluids, the fat droplet microstructure on starch, WPI and Tween 20 
hydrogels also maintained its uniform distribution throughout the network and small droplets 
size (Mun et al 2015). According to the authors, the starch network protected fat droplets from 
aggregation. 
Several changes in the oil droplets size and biopolymer network were observed by 
exposing the microgels to simulated intestinal digestibility (Fig. 7a4 and 7b4), caused by 
environmental changes (pH, ionic strength and presence of biological components with 
interfacial activity) (Singh & Sarkar, 2011). Particles presented a more pronounced multimodal 
size distribution during the intestinal phase, with smaller sizes and peaks close to 1 and 10 μm 




(Fig. 7a and 7b), indicating the degradation of the hydrogels with consequent oil release. In the 
gut, the neutral pH can destabilize alginate network (Li et al., 2011). Besides that, one of the 
main roles of bile salts is to prepare the lipids to the access of the lipolytic enzymes, which acts 
at the oil-water interface, releasing free fatty acids, mono and triacylglycerols (Maldonado-
Valderrama, et al., 2011). On small intestine, complexes between free fatty acids and α[1→4] 
fragments from partially digested amylose and amylopectin can be formed, reducing the starch 
digestibility (Crowe, Copeland, & Seligman, 2000). These complexes, together with 
biopolymer network that were not completely degraded by the action of enzymes and bile salts 
at the enteric stage, may explain the aggregates observed by microscopy (Fig. 7b4) and the peak 
of particle size distribution between 100 and 1000 µm, (Fig. 7a and 7b). Bellesi, et al., (2016) 
also observed some flocs at the end of the duodenal stage for emulsion digestibility, that were 
associated with digestion of the emulsifiers, inducing coalescence or flocculation of the oil 
droplets. 
At intestine, the predominant peaks lower than 10 μm may occur due to micelles 
and vesicles formation, while the peaks in the region of 10 and 100 μm can be associated with 
the emulsifiers digestion, which can cause the coalescence or flocculation of the oil droplets 
(Ballesi, 2016). The lowest number of droplets observed at microscopy images at the intestinal 
phase (Fig. 7a4 and 7b4) can be attributed to the dilution during the simulated digestion 
procedure (Hur, Decker & McClements, 2009), which is 1g of microgels / 40g of SIF. 
For S3.0A0.5G1.5_CG3A6, the gelatin-alginate coating interacts with the microgels by 
electrostatic forces (Fig. 5), contributing to protect and inhibit the ability of the lipase/enzymes 
to reach the lipid substrate (Mun et al 2015). Both, the rate and the extent of release of free fatty 
acids have been reported to be lower for multilayer systems. It is assumed that the coating may 
generate greater resistance during digestion compared to the particles without coating, 
preventing or delaying the release of free fatty acids (Zeeb et al., 2015; Pilosof, 2017). At the 
small intestine, Mun, et al., (et al, 2015), reported that the breakdown of the starch hydrogel 
may have been due to dilution, shearing and amylase activity. In these conditions, any weak 
bonds holding biopolymer or particle networks together cause the breakdown of a remained 
network (Mun et al 2015). For coated microgels, this network may have been sustained for a 
longer extent. 
Coating layer shows greater resistance to the oral and stomach phase, once the 
alginate used as the external layer is stable to acidic conditions.  
  





    
  
 
    
Figure 7: Size distribution during in vitro digestibility of S3,0A0.5G1.5 microgels (a) and 
S3,0A0.5G1.5_CG3A6 coated microgels (b). Morphology of microgels S3,0A0.5G1.5 and 
S3,0A0.5G1.5_CG3A6 along the digestibility stages: before digestibility (a1 and b1), oral phase (O) 
(a2 and b2), stomach phase (E) (a3 and b3) and intestinal phase (I) (a4 and b4), respectively. Scale 
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Emulsion filled microparticles with gelatinized starch, also composed of alginate 
and gelatin, was successfully produced and the use of alginate in small concentrations favored 
the structuring of the starch network. The results obtained for the biopolymer characterization 
enabled us to define the pH 6 for the formation of stable emulsions and the pH conditions for 
coating by electrostatic interaction. 
After structuring the systems, it was possible to investigate their behavior during in 
vitro digestibility. The coating of the microparticles reduced the oil release and consequent 
coalescence at microparticle interface during simulated oral and gastric phases. The 
digestibility of lipid droplets trapped within filled hydrogels may, therefore, be more controlled 
by the coating. Results indicate that the coated encapsulation system presented a potential for 
protecting acidic-sensitive compounds, that have optimal action in the gut, therefore, requiring 
target delivery. Moreover, the coating can be further functionalized by the inclusion of bioactive 
ingredients or nutraceuticals, expanding their applicability. 
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Highlights 
• Oil in water emulsions were prepared by rotor stator and sonication process.  
• Sonication process reduces the viscosity of aqueous phase. 
• Higher ultrasonic power produced emulsions with higher stability. 
• Low protein concentration led to a coalescence during sonication. 










The production of food emulsions has increased the demand for processes and natural 
emulsifiers and stabilizers that provide reasonable stability. In this work, the influence of 
parameters that affect the emulsion stability produced by sonication, as ultrasonic power (150, 
225 and 375 W) and gelatin concentration, was studied for production of alginate, potato starch 
and gelatin emulsions. The results showed that the sonication reduced the viscosity, surface 
charge and improved the interfacial properties of the biopolymers solutions. Emulsions 
presented a visual kinetic stabilization after 7 days of storage. The increase of sonication power 
decreased the particle size, but increased flocculation. The use of ultrasonic power at 225 and 
375W and gelatin in concentration above 1.0 %, resulted in stable emulsions with smaller 
particle size, which is desirable for application in food systems. 
 
Keywords: ultrasound, alginate, potato starch, emulsification, aqueous phase, stability. 
  





Emulsions are mixtures of immiscible liquids, in which  droplets of one liquid 
(dispersed phase) are dispersed in a continuous liquid phase. The stability of these systems is 
provided by the action of emulsifying agents. However, the emulsification process is 
entropically unfavorable, resulting in thermodynamically unstable systems [1]. Hence, it is 
important develop highly stable food emulsions with no or minimal changes in its structure 
during the process and storage [2]. 
Different processes have been studied to achieve greater stability in the emulsions: 
high energy processes such as rotor stator, ultrasound devices, high pressure homogenizer, 
microfluidics, among others are widely employed [3, 4]. Previous studies have shown that, for 
high energy processes, the type of homogenization, operating conditions (energy intensity, time 
and temperature), sample composition (oil and emulsifier concentrations), besides the 
physicochemical properties of the compounds (interfacial tension and viscosity), result in 
emulsions with different characteristics [5]. 
Commonly used for the preparation of pre-emulsions, rotor-stator equipment mix 
liquids from separated phases through a narrow gap between a rotating disc (rotor) and a static 
disk (stator). The rapid flow circulation and high shear force within the narrow gap  between 
the rotor and the stator forms the droplets, that are usually larger than the droplets obtained by 
other high energy processes [4, 6]. Finer emulsions can be produced by sonication process. The 
mechanism for droplet rupture is the acoustic cavitation, which consists of growth and collapse 
of micro bubbles of gas dissolved in the medium, leading to droplets breakdown [7]. The 
ultrasonic devices for application in liquid medium can be of two types, bath or probe. In the 
ultrasonic baths, the transducers are evenly located at the bottom of the bath. However, 
interferences between waves can result in different wave intensity at different positions in the 
tank [8]. The probe system consists of a generator and a converter, which transforms the energy 
into mechanical vibrations, that is transmitted by a probe, applied directly to the sample [4]. In 
general, the amount of energy employed in rotor-stator devices is lower than sonication. Besides 
probe type sonicators have higher localized intensity and effect compared to bath type [9]. 
Easy cleaning, the lower energy consumption as compared to homogenizers and 
microfluidizers, simple system, no need of external pressure and the use of less surfactant to 
obtain more homogenous emulsions are some advantages of using the sonication process [10, 
11]. 




Besides the process, the biopolymers used in the emulsions play a fundamental role 
in the stabilization. Some papers in the literature have shown that the association of proteins 
and polysaccharides for the emulsions production can increase the stability during process, 
compared to emulsions stabilized only by proteins [12]. This association contributes to the 
structure, texture and stability of food systems, through their thickening or gelling behavior and 
surface properties [13, 14]. 
Emulsions produced using polysaccharide blends have presented interesting 
stability results and the use of ultrasonic process may improve these characteristics. Recent 
studies have shown that the ultrasound process offers the possibility of altering protein 
structures without the use of additives or excessive heat treatment, simplifying the process and 
adding functional features, such as improvement in the dissolution, hydration, hydrophobicity, 
emulsifying and rheological performance of proteins [15]. The ultrasound application has also 
shown to modify some physical properties of the starch and biopolymers solutions, allowing 
different applications [16, 17, 18].  
Few studies provide a systematic approach to evaluate the effects of the ultrasound 
process on the emulsions formation, which often lead to beneficial structural modifications in 
biopolymers. These modifications, together with the establishment of ideal conditions of 
emulsifiers, structuring agents and energy employed in the process, may result in emulsions 
with improved characteristics and greater stability. Therefore, the objective of this work was to 
investigate the effects of the ultrasonic process on the physical properties of biopolymers for 
the production of stable emulsions. 
 
4.2. Materials and methods 
 
4.2.1. Materials 
For the emulsions preparation, alginate FD 17X donated by Danisco (France), 
gelatin A-type - bloom 280 (~5.5 isoelectric point and 3.7 g/100 ml protein content) supplied 
by Gelco (Brazil), potato starch - Zona Cerealista (Brazil) and sunflower oil, purchased from 
local supermarket, were used. All other chemicals were of analytical grade or equivalent. 
  





4.2.2.1. Aqueous phase preparation 
Solutions containing a mixture of 3% (w/w) potato starch, 0.5% (w/w) alginate and 
varying amount of gelatin (0, 0.1, 0.5, 1.0 and 1.5 % (w/w)), named as SA, SAG0.1; SAG0.5; 
SAG1.0 and SAG1.5 respectively, were prepared. The solutions presented pH 6 ± 0.2. Starch and 
alginate were added in deionized water at room temperature, under constant magnetic stirring, 
until the alginate was dissolved and no lumps were observed. Subsequently, the solutions were 
heated at 90 °C under constant magnetic stirring at 800 rpm, for 20 minutes. The solution was 
cooled to 45 °C before the addition of gelatin in different concentration, maintaining the 
constant magnetic stirring at 800 rpm for 20 min. The rheology of biopolymer solutions was 
evaluated. Pure starch (S), Alginate (A) and Gelatin (G) solutions were prepared at the same 
concentrations above mentioned, under the same conditions. These solutions were used as 
control for evaluating the influence of ultrasound on the properties of each biopolymer 
separately. 
 
4.2.2.2.  Emulsion preparation 
Oil-in-water emulsions were prepared by blending 20% (w/w) sunflower oil and 
80% (w/w) aqueous phase solution, using a rotor-stator (RS) device (SilentCrusher M, 
Heidolph, Germany) at 20000 rpm for 4 min prior to sonication in bath or probe. For the 
ultrasonic probe, an ultrasonic processor (QR 750 W, Ultronique, Brazil) attached with a 
titanium probe (13 mm diameter) was used for sonicating the emulsions. Sonication time was 
fixed in 5 min, the power varied in 150 (UP1), 225 (UP2) and 375 W (UP3) and the frequency 
was set on 20 kHz. The glass tube containing the sample was introduced in jacketed beakers at 
10 oC to dissipate the heat produced during the sonication, keeping temperature below 45 oC. 
The ultrasonic bath (USC 1450, Unique, Brazil) was tested with power of 150 W and frequency 
25 kHz, with sonication time fixed in 5 min. The samples submitted to the ultrasonic bath 
treatment were named as (UB). Emulsions were evaluated regarding their stability, microscopy 
and particle size. 
 
4.3. Biopolymer solutions characterization 
4.3.1. Differential Scanning Calorimetry 
Thermal properties of starch were analyzed using a scanning differential 
calorimeter (DSC 2920, TA Instruments, USA). Sample were heated at rate 10 °C/min from 10 




to 110 °C. The initial temperature (To), peak temperature (Tp), final temperature (Tf) and the 
gelatinization enthalpy (ΔH) were obtained from the thermograms of the samples, analyzed 
using the Universal Analysis software (TA Instruments).  
 
4.3.2.  ζ - potential 
ζ-potential of biopolymers was determined using a Zetasizer Nano Series (Malvern 
Instruments, UK). Biopolymers solutions were measured with and without application of 
ultrasound at the same concentration prepared for aqueous phase.  
 
4.3.3.  Interfacial tension 
The interfacial tension between the biopolymers solution in water and sunflower oil 
was evaluated using a tensiometer (Tracker-S, Teclis, France) by the pendant (O/W) drop 
method. The interfacial properties of gelatin at different concentrations and the effect of 
ultrasound on the interfacial properties of alginate, gelatin and starch was evaluated. The test 
was conducted over 7200 s and the temperature was maintained at 25 °C throughout the 
duration of the test.  
 
4.3.4. Rheological measurements 
Rheological properties of aqueous phase were characterized using a rheometer 
(AR1500ex, TA Instruments, USA) equipped with a cone/plate geometry (cone diameter: 40 
mm; angle: 1,58° and gap size: 53 μm). Flow curves were obtained in shear rate range of 0-
1000 s-1 at 25 °C. Experimental data were described by a power law equation (1): 
σ = k?̇?𝑛 (1) 
where σ is the shear stress (Pa), k is the consistency index (Pa. sn), ?̇? is the shear rate (s-1) and 
𝑛 is the flow behavior index (-).  
 
4.4. Emulsions evaluation 
4.4.1. Stability 
Immediately after preparation, 25 ml of each emulsion was poured into a cylindrical 
glass tube, sealed with a plastic cap and stored in BOD (MA 415 UR, Marconi, Brazil) at 25 °C 
for 7 days. The O/W emulsion stability was measured by the height of the bottom phase (Hb) 
and expressed as creaming index (CI) determined according to equation 2. 




𝐶𝐼(%) =  𝐻𝑏 𝐻0⁄ ∙ 100 (2) 
where H0 represents the initial height of the emulsion. The analyses were carried out in 
duplicate. 
 
4.4.2. Size distribution 
Measurement of droplet size distribution was performed in a Malvern Mastersizer 
S (Malvern Instruments, UK) equipped with accessory Hydro 2000S (Malvern Instruments, 
UK). Samples were dispersed in distilled water. Values of the Sauter mean diameter, which is 
inversely proportional to the specific surface area of droplets, were obtained (Equation 3). The 






























where ni is the number of droplets with a diameter di, and 𝐷10,  𝐷50 , 𝐷90 (µm) are 
diameters at 10, 50 and 90 % of cumulative volume, respectively.  
 
4.4.3. Optical microscopy 
The emulsion microstructure was observed in an optical microscope (Axio 
Scope.A1, Carl Zeiss, Germany) with 100× oil immersion objective lens. The images were 
captured with the software AxioVision Rel. 4.8 (Carl Zeiss, Germany). The optical microscopy 
was performed on the freshly prepared emulsions and after 7 days of storage. The public domain 
software Image J v1.36b (http://rsb.info.nih.gov/ij/) was used to count and measure the size of 
the particles. 
 
4.5. Statistical analyses 
All trials were replicated three times and, unless otherwise stated, all analysis were 
carried out in two independent replicates. SISVAR software - Computer Statistical Analysis 
System [19] was used for analysis of variance (ANOVA). The significant differences (p < 0.05) 
between different samples were determined by the Tukey procedure. 
 




4.6.  Results 
4.6.1. Effect of gelatin concentration and process on aqueous phase 
Aiming to evaluate the role of the protein at different concentrations on the 
stabilization of emulsions, in addition to the effect of mechanical and sonication process in the 
structure of the isolated biopolymers, the surface charge, interfacial tension and rheology was 
performed for aqueous phase. 
 
4.6.1.1.  Differential Scanning Calorimetry 
To determine the gelatinization temperature of the starch its thermal properties were 
measured: T0 = 62.29 ± 0.11 °C, Tp = 65.64 ± 0.38 °C, Tf  = 70.12 ± 0.11 °C and gelatinization 
enthalpy (∆H) (8.93 ± 1.35 J/g dry starch). The starch dilutions employed in this work were 
higher than 10 g water/ g potato starch for all formulations, which ensures the complete 
gelatinization, since the gelatinization temperature of the experiments was set at 90 °C/ 20 
minutes. Evans & Hais [20] reported values for initial (~60 °C) and final (~70 °C) gelatinization 
temperature as a function of water content, for a ratio higher than 2 g water/ g potato starch. 
 
4.6.1.2. ζ - potential 
The zeta potential results of biopolymers showed that the sonication process (UP3) 
caused a significant reduction (p < 0.05) in the surface charge for all biopolymers (Tab. 1). 
 
Tab. 1: Zeta potential of biopolymers alginate (A), gelatin (G) and potato starch (S) at pH 6 ± 
0.2. Solutions without treatment and submitted to ultrasonic process at 375 W/5 min (UP3).  
  Without treatment (mV) UP3 treatment (mV)  
A0.5 -102.30 ± 2.14
b -78.83 ± 1.76a 
G1.0 -12.47 ± 0.75
b -4.06 ± 0.41a 
S3.0 -12.73 ± 0.25
b -7.94 ± 0.17a 
Lowercase letters show differences (p < 0.05) between the same formulation submitted or not to ultrasound 
treatment. 
4.6.1.3. Interfacial tension 
The evaluation of the interfacial tension was carried out with the objective to 
characterize the interfacial properties of the solutions with different gelatin concentrations and 




to investigate the influence of the sonication process on the emulsifying properties of the 
biopolymers. 
  
Fig. 1: (A) Interfacial tension of sunflower oil in gelatin solution at concentrations 0.1 % (w/w), 
0.5 % (w/w), 1.0 % (w/w) and 1.5 % (w/w). (B) Interfacial tension of sunflower oil in gelatin 
1.0 % (w/w), alginate 0.5 % (w/w) and starch 3.0 % (w/w) solutions. Solutions without 
treatment and submitted to ultrasonic power at 375 W/5 min (UP3) using the pendant drop 
method. 
Regarding the interfacial properties of protein, the increase of gelatin concentration 
exerts little influence on the initial interfacial tension (7.2 – 7.8 mN/m). The difference became 
more pronounced in the final interfacial tension, presenting results that varied between 3.1 to 
4.3 mN/m for G1.5 to G0.1 respectively (Fig. 1A), which may be related to higher adsorption of 
gelatin at the droplet interface. The higher adsorption of the emulsifier at the interface is 
associated with a reduction in interfacial properties, indicating that the emulsifier and its amount 
have been effective, forming a protective barrier that prevents flocculation and retards 
destabilization [3]. However, it should be noted that even though the higher concentration of 
emulsifier results in a reduction in the interfacial tension of the systems, the equilibrium in the 
interfacial tension was not reached after 7200 s.  
With respect to the influence of ultrasonic process (UP3), a decrease on the 
interfacial tension for gelatin and alginate solutions was observed compared to the same 
solutions without treatment. This result can be associated to the exposure of hydrophobic 
residues of the emulsifier during the sonication [21], which also could be observed by the 
surface charge reduction with the application of ultrasound (Tab. 1). In contrast, the starch 
solution presented an increase in interfacial tension when submitted to the sonication process 
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4.6.1.4. Rheological mesurements 
The ultrasound process employs a large amount of energy generating hydrodynamic 
shear forces, causing cavitation and collapse of the gas bubbles. This phenomenon can change 
the physical or physicochemical structures of the medium [15, 22], which may result in the 
breaking of some chains, allowing greater fluidity of the continuous phase.   
The rheology results for the isolated biopolymer solutions showed that the 
sonication process (UP3) reduced the viscosity of the alginate, gelatin and starch, which was 
about two orders of magnitude for the latter (Tab. 2). Sonication can accelerate the 
depolymerization of starch gels, separating the amylose and amylopectin units. In this situation, 
amylose units remain in the gel amorphous phase, which induces the weakening of the 
biopolymer network, reducing the viscosity [16]. However, the authors point out that although 
sonication dramatically affects the viscosity of the solution, the chemical structure of the 
polymer chains may not be altered [16]. 
 
Tab. 2: Effect of process on the flow curves of biopolymers aqueous phase. Alginate 0.5% w/w 
(A), potato starch 3% w/w (S) and gelatin 1% w/w (G). Consistency index (k), behavior index 
(n) and ultrasonic probe 375 W/5 min (UP3).  
Formulations k (mPa.sn) n (-) 
A0.5 207.7 ± 3.9
b 0.6905 ± 0.0020a 
A0.5 UP3 16.4 ± 2.4
a 0.9377 ± 0.0223b 
S3.0 3004.9 ± 95.6
b 0.6017 ± 0.0049a 
S3.0 UP3 2.7 ± 0.0
a 1.0223 ± 0.0006b 
G1.0 3.0 ± 0.9
b 0.9673 ± 0.0372a 
G1.0 UP3 0.6 ± 0.1
a 1.1436 ± 0.0184b 
Lowercase letters show differences (p < 0.05) between the same biopolymer solution submitted to different 
processes. 
The effect of the process on the rheological properties of the aqueous phase 
containing the associated biopolymers (Tab. 3) showed that the rheological parameters of the 
solutions submitted to the probe sonication (UP) differed significantly (p < 0.05) from the same 
formulation submitted bath sonication (UB) or rotor stator (RS). 




The increase in sonication power reduced the shear thinning of SAG solutions (n 
closer to 1) and reduced the viscosity (lower k) (Tab. 3). This effect may be related to the 
possible breakdown of the polymer chains with the sonication process [22, 23]. Such 
breakdown reduces entanglements and consequently the intermolecular interactions between 
the molecules of the polymers, causing the reduction of viscosity and the approximation of 
Newtonian behavior [24, 25]. Similar results related to viscosity reduction with the ultrasound 
application in polymers such as glucomannan, pectin, proteins and starches from different 
sources have been reported in the literature [16, 25, 26].  
Comparing the same treatment in varying concentrations of gelatin, the increase of 
gelatin concentration causes an increase in viscosity for RS, UB and UP1. The effect of gelatin 
concentration is suppressed at higher powers (UP2 and UP3), with no significant differences (p 
> 0.05) in viscosity (Tab. 3). 
  




Tab. 3: Effect of gelatin concentration and process on the flow curves of biopolymer aqueous 
phase. Alginate 0.5 % (w/w), potato starch  3.0 % (w/w) and gelatin 0.1, 0.5, 1.0 and 1.5% 
(w/w). Consistency index (k), behavior index (n), rotor stator (RS), ultrasonic bath 150 W/5 
min (UB), ultrasonic probe 150 W/5 min (UP1), ultrasonic probe 225 W/5 min (UP2), 
ultrasonic probe 375 W/5 min (UP3).  
Formulations k (Pa.sn) n (-) 
SAG0.1 RS 3.92 ± 0.54 
aB 0.49 ± 0.01 aC 
SAG0.1 UB 3.18 ± 0.22 
bA  0.51 ± 0.01 aC 
SAG0.1 UP1 0.14 ± 0.02 
aA 0.80 ± 0.01 bC 
SAG0.1 UP2 0.05 ± 0.02 
aA 0.90 ± 0.04 cB 
SAG0.1 UP3 0.02 ± 0.00 
aA 0.96 ± 0.01 dB 
SAG0.5 RS 6.12 ± 0.44 
cB  0.46 ± 0.01 aC 
SAG0.5 UB 4.00 ± 0.59 
bB 0.48 ± 0.02 aC 
SAG0.5 UP1 0.17 ± 0.03 
aA 0.79 ± 0.02 bC 
SAG0.5 UP2 0.04 ± 0.00 
aA 0.91 ± 0.01 cB 
SAG0.5 UP3 0.02 ±0.00 
aA 0.96 ± 0.02 dB 
SAG1.0 RS 13.82 ± 0.78 
cC  0.39 ± 0.00 aB 
SAG1.0 UB 14.99 ± 0.55 
dC 0.38 ± 0.00 aB 
SAG1.0 UP1 1.75 ± 0.81 
bB 0.59 ± 0.07 bB 
SAG1.0 UP2 0.15 ± 0.03 
aA 0.83 ± 0.02 cA 
SAG1.0 UP3 0.06 ± 0.01 
aA 0.92 ± 0.01 dB 
SAG1.5 RS 29.49 ± 0.57 
cD 0.34 ± 0.00 aA 
SAG1.5 UB 41.15 ± 0.57 
dD 0.33 ± 0.00 aA 
SAG1.5 UP1 12.34 ± 0.53 
bC 0.44 ± 0.00 bA 
SAG1.5 UP2 0.22 ± 0.06 
aA 0.81 ± 0.02 cA 
SAG1.5 UP3 0.25 ±0.05 
aA 0.80 ± 0.02 cA 
SA RS 3.61 ± 0.21 bA  0.48 ± 0.01 aC 
SA UB 3.99 ± 0.57 bB 0.48 ± 0.02 aC 
SA UP1 0.17 ± 0.03 aA 0.78 ± 0.02 bC 
SA UP2 0.04 ± 0.01 aA 0.91 ± 0.02 cB 
SA UP3 0.02 ± 0.00 aA 0.96 ± 0.01 dB  
Lowercase letters show differences (p < 0.05) between the treatments for the same gelatin concentration. 
Uppercase letters shows differences (p < 0.05) between the different gelatin concentration, submitted to the same 
process.  
  




4.6.2.  Effect of gelatin concentration and process on emulsions 
The power used during emulsification is a key point for the production of stable 
emulsions. At this stage of the work, different concentrations of gelatin were used in the 
production of emulsions by stator rotor, ultrasonic bath and ultrasonic probe, using three 
sonication powers. The stability, droplet size, and emulsion morphology were investigated. 
 
4.6.2.1.  Creaming index 
Emulsions were evaluated regarding the stability by the creaming index. Control 
emulsions, containing only gelatin and sunflower oil submitted to the RS, UB and UP1 process 
showed a creaming index of 39.23 ± 3.39, 38.80 ± 2.06 and 24.71 ± 6.60% respectively. For 
the same formulation, UP2 and UP3 process did not present phase separation at 7 days (Fig. 
2A). The higher stability presented by emulsions containing only gelatin was only observed for 
conditions of higher sonication power. This result supports the hypothesis that higher sonication 
power favors the exposure of the hydrophobic residues of surfactants, once fat-binding capacity 
depends on the degree of exposure of the hydrophobic residues of the gelatin [21] (Tab. 1 and 
Fig. 1B). 
For the control emulsions without gelatin (SA), all formulations presented phase 
separation. The creaming index for RS, UB, UP1, UP2 and UP3 were: 60.92 ± 2.58, 61.82 ± 
1.29, 66.73 ± 4.49, 43.97 ± 7.19 and 65.25 ± 1.84 % respectively (Fig. 2B). Although sonication 
changed zeta potential, rheology and interfacial tension of alginate and starch solutions (Tab. 1 
and 3 and Fig. 1B), both do not act as emulsifiers, only contributing to the viscosity of the 
system [13]. Thus, no stable emulsion was produced containing solely alginate and starch.  
  






Fig. 2: Stability of control emulsions at 7 days, submitted to rotor stator (RS), ultrasonic bath 
at 150 W/5 min (UB), ultrasonic probe at 150 W/5 min (UP1), 225 W/5 min (UP2) and 375 
W/5 min (UP3). (a) Emulsion of sunflower oil in gelatin solution 1.5% (w/w). (b) Emulsion of 
sunflower oil in starch 3.0% (w/w) and alginate 0.5% (w/w) solutions. 
The association of the protein with potato starch and alginate (SAG0.1 to SAG1.5) 
provided visual stable emulsions under all process and concentration tested, with no creaming 
(data not shown), emphasizing the importance of interfacial activity promoted by gelatin and 
the hydrodynamic stabilization [3] promoted by starch and alginate. 
 
4.6.2.2.  Droplet size and morphology during storage 
Emulsions were evaluated in relation their droplet size, polydispersity (SPAN), 
optical microscopy and image analysis on 0 and after 7 days of storage, under controlled 
conditions (Tab. 4). The results showed that, for the same process, the gelatin concentration 
(0.5 to 1.5% (m/m)) did not result in significant differences (p > 0.05) (statistical data not 
shown) for emulsion droplet size. In other words, the increase in sonication power was more 
effective in emulsion size reduction compared to the gelatin concentration. 
Comparing the different processes at a fixed protein concentration, it was possible 
to verify the treatment influence on droplet size and, consequently, on stability. For the lowest 
protein concentration (SAG0.1) and for control emulsion (SA), no significant differences (p > 
0.05) were observed between RS, UB and UP1 treatments at day 0. However, the treatment that 
employed the highest sonication power (UP3), resulted in larger particle size immediately after 
process (day 0). The higher sonication powers (UP2 and UP3) expose the droplets to large 
amounts of energy, causing not only rupture, but also droplet collision and therefore 
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coalescence and flocculation [27]. Possibly, addition of 0.1% gelatin was not sufficient to cover 
and stabilize the droplet interface [28]. In addition, the viscosity reduction due to the process 
(Tab. 3) may have aggravated destabilization under these conditions [29]. During the 7 days of 
storage, destabilization became more pronounced, as can be observed by D[3,2] results (Tab. 4). 
The addition of 0.5 and 1.0% of protein to the emulsion resulted in the increase in 
D[3,2] with increasing ultrasound power. However, the size results obtained by the image 
analysis indicated a reduction, as can be clearly observed on the micrographs presented (Tab. 
4). Such divergency between image analysis and laser diffraction (D[3,2] result), reflects the 
flocculation caused by these processes. The smallest droplet sizes of SAG0.5 and SAG1.0 were 
related to the combination of gelatin concentration and treatment. At these concentrations, the 
droplets formed during the emulsification could be efficiently coated. Moreover, the most 
intense cavitation process (UP2 and UP3) reduced the viscosity of the aqueous phase, which 
facilitates the mobility of the surfactant to the drop interface, avoiding coalescence and reducing 
polydispersity [3]. 
Analyzing the results obtained for SAG1.5 emulsion, it was observed that the droplet 
size also tends to reduce with the increase of the ultrasonic power. However, SAG1.5 presented 
higher flocculation and apparent gelation during storage at 7 days (Tab. 4), even though stored 
at room temperature (25 ° C). 
 
Tab. 4: Polydispersity (SPAN), Sauter mean diameter (D3,2) and droplet size obtained by image 
analysis (ImageJ) at 0 and 7 days. Optical micrographs of the fresh emulsions (0 days) 
submitted to RS and UP3. Rotor stator (RS), ultrasonic bath at 150 W/5 min (UB), ultrasonic 
probe at 150 W/5 min (UP1), 225 W/5 min (UP2) and 375 W/5 min (UP3). Scale bar = 10 μm. 
  





0 days  7 days   
0 days RS 0 days UP3 
SPAN D [3. 2] (µm) Size (µm) ImageJ SPAN D [3. 2] (µm) Size (µm) ImageJ 
G1.5 RS 1.52 ± 0.14 6.62 ± 0.32 dA 6.785 ± 1.235 d 1.86 ± 0.11 11.37 ± 0.60 dB 11.896 ± 1.689 d 
  
G1.5 UB 1.59 ± 0.01 6.03 ± 0.05 dA 5.589 ± 1.158 d 1.87 ± 0.11 8.56 ± 0.19 cB 8.123 ± 1.569 c 
G1.5 UP1 2.58 ± 0.66 3.08 ± 0.06 cA 3.125 ± 1.5981 c 2.17 ± 0.08 4.96 ± 0.40 aB 4.874 ± 1.470 a 
G1.5 UP2 1.29 ± 0.00 1.99 ± 0.38 bA 2.026 ± 1.821 b 1.80 ± 0.01 4.26 ± 0.22 aB 4.100 ± 1.339 a 
G1.5 UP3 1.45 ± 0.00 1.26 ± 0.01 aA 1.3690 ± 1.487 a 1.97 ± 0.31 6.56 ± 0.74 bB 6.649 ± 1.587 b 
SAG0.1 RS 2.21 ± 0.07 4.38 ± 0.13 aA 4.341 ± 1.609 a 1.90 ± 0.02 10.98 ± 0.29 bB 4.262 ±1.483 a 
  
SAG0.1 UB 2.24 ± 0.07 4.41 ± 0.13 aA 4.539 ± 1.757 a 2.47 ± 2.22 9.45 ± 0.57 bB 4.358 ± 2.099 a 
SAG0.1 UP1 2.12 ± 0.11 4.26 ± 0.15 aA 4.447 ± 1.489 a 2.21 ± 0.40 7.24 ± 0.37 aA 3.934 ± 1.450 a 
SAG0.1 UP2 1.92 ± 0.01 4.70 ± 0.12 aA 4.566 ± 1.478 a 1.75 ± 0.09 9.42 ± 0.29 bB 5.536 ± 1.938 b 
SAG0.1 UP3 1.66 ± 0.02 7.71 ± 0.25 bA 5.382 ± 3.200 b 1.54 ± 0.11 13.91 ± 0.47 cB 5.903 ± 2.454 b 
SAG0.5 RS 1.02 ± 1.05 2.72 ± 2.93 aA 3.645 ± 1.738 b 1.08 ± 1.02 5.21 ± 5.44 aA 4.085 ± 1.521 bc 
  
SAG0.5 UB 1.62 ± 0.03 3.08 ± 0.13 abA 3.694 ± 1.610 b 2.09 ± 0.11 4.69 ± 0.30 aA 4.529 ± 1.464 c 
SAG0.5 UP1 1.88 ± 0.06 3.72 ± 0.12 abA 3.067 ± 1.812 b 2.86 ± 0.18 5.37 ± 1.44 aA 3.947 ± 1.370 b 
SAG0.5 UP2 1.77 ± 0.06 4.76 ± 0.26 abA 1.926 ± 1.289 a 1.85 ± 0.24 8.67 ± 1.87 bB 2.382 ± 1.022 ª 
SAG0.5 UP3 1.78 ± 0.07 4.86 ± 0.83 bA 1.522 ± 0.976 a 1.94 ± 0.10 7.59 ± 1.12 bA 2.556 ± 0.910 a 
SAG1.0 RS 1.80 ± 0.02 3.01 ± 0.09 abA 3.332 ± 1.384 d 2.09 ± 0.45 2.72 ± 0.28 aA 4.289 ± 1.134 d 
  
SAG1.0 UB 1.64 ± 0.00 2.54 ± 0.00 aA 3.041 ± 1.626 cd 2.37 ± 030 4.55 ± 0.83 bA 3.526 ± 1.365 c 
SAG1.0 UP1 2.02 ± 0.04 3.44 ± 0.21 abA 2.835 ± 1.334 c 2.55 ± 0.46 5.87 ± 1.37 bA 3.368 ± 10127 c 
SAG1.0 UP2 1.67 ± 0.03 5.85 ± 1.02 cA 1.776 ± 0.911 b 1.82 ± 0.02 10.78 ± 1.52 cB 2.153 ± 1.089 b 
SAG1.0 UP3 1.52 ± 0.06 4.64 ± 0.47 bcA 1.062 ± 0.62 ª 1.78 ± 0.04 9.35 ± 0.29 cB 1.159 ± 0.259 ª 
SAG1.5  RS 1.89 ± 0.03 3.17 ± 0.04 aA 2.981 ± 1.100 b 1.62 ± 0.36 3.43 ± 0.68 aA 3.710 ± 1.304 b 
  
SAG1.5 UB 1.68 ± 0.14 2.64 ± 0.14 aA 3.508 ± 1.257 c 1.58 ± 0.27 3.11 ± 0.35 aA 3.558 ± 0.909 b 
SAG1.5 UP1 2.45 ± 0.16 4.15 ± 0.75 abA 3.019 ± 1.107 b 3.96 ± 0.06 7.06 ± 3.49 bA 3.775 ± 1.097 b 
SAG1.5 UP2 2.29 ± 0.27 5.54 ± 1.08 bcA 1.869 ± 1.146 ª 2.00 ± 0.07 9.89 ± 3.26 cB 3.139 ± 1.106 b 
SAG1.5 UP3 1.70 ± 0.16 6.58 ± 0.62 cA 2.370±1.476b 1.89 ± 0.04 8.92 ± 3.42 bcA 2.210 ± 0.867ª 
SA RS 1.82 ± 0.18 10.72 ± 0.11 aA 5.052±8.165ª 1.75 ± 0.30 14.68 ± 2.28 aA 7.329 ± 13.631a 
  
SA UB 2.49 ± 0.81 12.85 ± 3.16 aA 5.918±12.287ª 1.52 ± 0.10 18.01 ± 2.01 abA 7.140 ± 13.713a 
SA UP1 1.57 ± 0.30 17.33 ± 0.39 aA 5.407±4.306ª 1.44 ± 0.26 18.91 ± 3.80 abA 7.569 ± 4.523a 
SA UP2 1.18 ± 0.21 13.40 ± 0.79 aA 21.649±7.544b 1.35 ± 0.05 22.70 ± 1.25 bA 20.375 ± 8.656b 
SA UP3 0.68 ± 0.01 33.38 ± 11.32 bA 33.995±11.095c 0.65 ± 0.02 58.83 ± 0.69 cB 37.733 ± 8.868b 
 Lowercase letters show differences (p < 0.05) between the treatments for the same gelatin concentration for 0 and 7 days, uppercase letters show D3.2 differences (p < 0.05) between the 0 and 7 days 
for the same formulation. 




4.7.  Discussion 
The use of higher sonication powers may have led to structural modifications in the 
aqueous phase of the isolated biopolymers, which reflected in the reduction of viscosity, 
interfacial tension and surface charge intensity. 
Besides reducing the viscosity of alginate and starch solutions (Table 4), sonication 
also modified their surface charge (Table 3). Although these polysaccharides do not act as 
stabilizers, some studies have shown that the association of proteins and polysaccharides in 
emulsions production may increase the stability compared to emulsions stabilized only by 
proteins [12]. 
 The viscosity reduction with sonication was also observed for the gelatin 
solution (Table 4). Recent studies report that this reduction has been associated with the 
dehydration of amphiphilic biopolymers, which decreases the energy required for protein 
adsorption at the oil-water interface [23]. The increase in the size of bovine gelatin chains after 
7 days of storage was also reported, indicating a reorganization of proteins in sub-aggregates 
due to non-covalent (electrostatic and hydrophobic) interactions [23]. This reorganization may 
have been responsible for the increased flocculation observed for the emulsions obtained in the 
higher intensity processes (UP2 and UP3) after 7 days. Flocculation can be evidenced by the 
divergence between the D[3,2] data, obtained by laser diffraction, and size, obtained by optical 
microscopy images (Tab. 4). It is worth noting that the energy employed in the ultrasound 
process is not sufficient to break the peptide bonds, only non-covalent associative interactions, 
which does not cause changes in the primary structure [15]. 
 Sonication at higher powers (UP2 and UP3) increased flocculation. In the 
processes with lower powers (RS, UB and UP1), due to the higher viscosity, possibly part of 
the gelatin adhered to the surface of the droplets and part was dispersed in the medium with the 
alginate and the starch. This configuration characterizes the depletion stabilization, a 
mechanism in which aggregation is inhibited by the presence of free (non-adsorbed) polymers 
[30], in addition to the hydrodynamic stabilization related to high viscosity. This behavior is 
often found in mixtures of food biopolymers [31]. With the application of ultrasound at higher 
powers (UP2 and UP3), reduction in droplet size and increase in flocculation were observed 
(Tab. 4). Under these conditions, it is possible that the protein in solution has migrated to the 
oil interface, reducing the protein/polysaccharide ratio in the medium. The increase of free 
polysaccharide in solution favors depletion flocculation [32, 33]. In the present study, the 
presence of non-adsorbed alginate and starch in the continuous phase, which do not have 




interfacial properties, caused an osmotic effect, reducing the amount of solvent between the 
droplets and promoting attraction between them. This phenomenon occurs under conditions in 
which the protein-coated droplets are dispersed in an aqueous solution of another biopolymer, 
which is incompatible with the protein [34]. In this case, the repulsion between gelatin located 
at interface with other biopolymers occurs because all of them present negative surface charge 
under these study conditions (Tab. 1). 
The results of this work indicated that the type of process and its intensity caused 
structural modifications in the biopolymers. These modifications influenced the characteristics 
of the aqueous phase and consequently the formation of emulsions, resulting in systems with 
different characteristics. 
  




4.8.  Conclusions 
The present investigation showed that the type of process provided more 
modifications in the emulsions, resulting in emulsions with different characteristics, compared 
to the gelatin concentration. Higher sonication power promoted modifications in the polymer 
network, with more influence on the starch. Generally, the sonication process decreased the 
zeta potential, interfacial tension and the viscosity of the biopolymers solutions, resulting on 
stable emulsions with smaller droplet size. 
Emulsions SAG0.5 and SAG1.0 sonicated at 225 and 375 W presented desirable 
characteristics for application in foods. Besides using only natural compounds, this study 
demonstrated that the production of emulsions by sonication employing higher powers (UP2 
and UP3) has the advantages of being a simple process that promotes desirable structural 
modifications in the biopolymers. 
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Highlights 
• Partial replacement of alginate by starch reduced the gel porosity at the intestine phase 
• Native starch filled the pores of the alginate network  
• Alginate swelling during digestion increase pore sizes  
• Harder network was obtained with gelatinized starch compared to native starch  
  




Bioactive carrier systems produced from natural and biodegradable compounds offer diverse 
applications in the food and drug sector, whether for protection, controlled delivery, texture 
modification or insertion of lipid compounds into aqueous systems. This study aimed to produce 
emulsion filled hydrogels by sonication followed by ionic gelation, containing starch as main 
component of gel network. Emulsion filled hydrogels were evaluated regarding chemical and 
physical structure, as well as morphology of hydrogels after simulated digestion. Sunflower oil, 
alginate, gelatin and starch (gelatinized or native) were used for emulsion filled hydrogels 
production. XRD characterization of native starch showed that the sonication was capable of 
breaking down some crystalline structure. Slight intensity differences were observed between 
the FTIR spectra of hydrogels, reflecting water absorption, amorphous and crystalline 
structures. The chemical characteristics of hydrogels influenced the microstructure and stress 
at fracture. Hydrogel produced with gelatinized starch was harder than hydrogel with non-
gelatinized starch. Regarding digestibility assay, we postulated that alginate-gelatin network 
was degraded by swelling, while alginate-gelatin-starch gels were associated with an erosion 
mechanism, since its microstructure remained partially stable, only exposing the oil droplets at 
surface. These findings can provide different delivery and protection mechanisms, allowing 
varied applications. 
 
Keywords: Starch hydrogels, alginate, emulsion, digestibility, gelatinization 
  




Hydrogels are formed by polymeric networks that present high water absorption 
capacity that may be associated to hydrophilic characteristics. (Bursali, Coskun, Kizil, & 
Yurdakoc, 2011). These systems are employed for various purposes, such as biomedical 
applications, in drug delivery and tissue engineering (Pellá et al., 2018), and food and 
pharmaceutical applications, as bioactive delivery systems (Abaee, Mohammadian, & Jafari, 
2017). The incorporation of an oil phase on hydrogels allows the formation of systems known 
as emulsion filled hydrogels, which have interesting features for use in encapsulation systems. 
In addition to the hydrophilic compounds, emulsion filled hydrogels allows the protection of 
lipophilic bioactive (Andrade et al., 2016; Matalanis, Jones, & McClements, 2011). 
Natural biopolymers have been used for hydrogel production, due to their non-
toxicity, biocompatibility, and biodegradability. Starch is an example of an abundant and low 
cost biopolymer (Halley et al., 2001) that can be used for hydrogel production when processed 
with other compounds, aiming to obtain self-sustainable gels. To increase native starch 
hydrogel stability without using chemical modifications, starch has been mixed with other 
biopolymers (Bursali et al., 2011), such as pectin (Dafe, Etemadi, Dilmaghani, & Mahdavinia, 
2017), chitosan, and alginate (Sorour et al., 2013). The starch blend with other biopolymers 
allow the formation of different interactions between components, forming molecular structures 
with specific chemical, mechanical, functional and organoleptic characteristics, increasing the 
applications range, besides to “clean label” characteristics of starch hydrogels (BeMiller, 2011; 
Dankar, Haddarah, Omar, Pujolà, & Sepulcre, 2018). Differentiation on starch molecular 
structures can also be obtained with heat treatment, which may result in crystalline/amorphous 
regions changes (Dankar, Haddarah, Omar, Pujolà, & Sepulcre, 2018). 
Alginate is widely used as an encapsulating material because it promotes ionic 
gelation in the presence of divalent cations, is a non-toxic and an accepted food additive (Li, 
Chen, Cha, Park, & Sheng, 2009). However, it has been associated with a porous network that 
presents uncontrolled degradation kinetics due to the sensitivity of alginate gels towards 
calcium chelating compounds during digestion (Boontheekul, Kong, & Mooney, 2005; Sarker 
et al., 2014)). The incorporation of starch into the alginate network can solve some alginate 
limitations (Chan et al., 2011). 
Aiming at the production of emulsion filled hydrogels, proteins such as gelatin are 
good options to ensure emulsion stability. Besides presenting surface properties, with complex 
viscoelastic characteristics that provide stability of foams and emulsions, gelatin solutions form 
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gels with cooling, which involves partial rearrangement of random coil structure into triple 
helix, assisting in the structural properties of hydrogels (Derkatch, Kolotova, Milyaeva, & 
Noskov, 2016; Sarker et al., 2014). 
Due to numerous variations for hydrogels production, as in the process conditions 
and compounds nature, it is interesting to understand the formed structures by the biopolymer 
mixtures, at a chemical and physical level. This knowledge at the structural level, permits the 
establishment of a connection for better understanding the texture and microstructure 
properties, allowing greater control for application on encapsulation systems, for bioactive 
protection and target delivery. 
The present work investigated the chemical, mechanical and microstructural 
properties of emulsion filled hydrogels, composed of gelatin and alginate, with starch addition 
on the gelatinized or non-gelatinized form. To our knowledge, no study has investigated the 
production of hydrogels with starch as the main responsible for the network structuring, aiming 
to reduce costs and produce differentiated encapsulation structure with clean label appeal. Also, 
the microstructural properties of the hydrogels produced during in vitro digestibility simulation 
were examined and correlated with mechanical properties, FTIR spectra and XRD patterns of 
samples. The developed hydrogels presented diverse release profiles, pointing out different 
applications as a bioactive carrier. 
 
5.2 Material and methods 
5.2.1 Material  
For production of emulsion filled hydrogels we used alginate FD 17X, donated by 
Danisco (France), gelatin - bloom 280 (~5.5 isoelectric point), provided by Gelco (Brazil), 
potato starch, acquired from Zona Cerealista (Brazil) and sunflower oil Qualitá (Brazil), 
obtained from local supermarket. For simulated gastrointestinal fluids, α-amylase (A3176), 
porcine pepsin 3200-4500 U / mg (P6887), pancreatin 8 x USP (P7545) and porcine bile extract 




5.2.2.1 Preparation of aqueous phase  
Aqueous solutions containing 3% (w/w) potato starch (S) in its gelatinized and non-
gelatinized form (NG), 0.5% (w/w) alginate (A) and 1.0% (w/w) gelatin (G) were prepared for 
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emulsion filled hydrogel production. To understand the influence of starch addition in the 
network, alginate and gelatin emulsion filled hydrogel was also produced. However, once it 
was not possible to obtain a self-sustained gel with 0.5% of alginate, the alginate concentration 
in AG gel was 1%. 
For SAG aqueous phase, alginate was added in deionized water at room temperature 
and kept under constant magnetic stirring until complete dissolution, for about 20 minutes. 
Sequentially, starch was added, and the solution was heated at 90 °C under the magnetic stirring 
for 20 min, to ensure gelatinization. Prior gelatin addition, the solution was cooled to 45 °C and 
the magnetic stirring kept at 800 rpm for a further 20 minutes. For AG aqueous phase, after 
alginate dissolution, gelatin was added and heated to 45 °C under magnetic stirring for 20 min. 
The SAGNG were produced as described for AG, however, before starch addition AG solution 
was cooled to room temperature, native starch was added and kept under stirring for a further 
20 minutes. 
The aqueous phase of pure biopolymers was used as a blank for FTIR.  
  
5.2.2.2 Emulsion preparation  
Oil-in-water emulsions were prepared as described in previous study (Silva & Sato, 
2019), using a rotor-stator (RS) device (SilentCrusher M, Heidolph, Germany) at 20000 rpm 
for 4 min followerd by sonication in an ultrasonic processor (QR 750 W, Ultronique, Brazil) 
attached with a titanium probe (13 mm diameter). The sonication frequency was 20 kHz and 
sonication power 375 W / 5 min. Sonicated emulsions were named as UP3. 
 
5.2.2.3 Emulsion filled hydrogels: microgels, particles, and macrogels 
Emulsion filled hydrogels were produced by ionotropic gelation of emulsions in a 
150 mM calcium chloride solution. 
Microgels were obtained by atomization in a 0.7 mm diameter nozzle (Labmaq do 
Brasil Ltda, Brazil) at a height of 15 cm from the CaCl2 solution for the FTIR assay. A 
masterflex peristaltic pump (7518-00) was set at a flow rate of 10 ml/min and the compressor 
pressure at 0.5 bar. After atomization, microgels were kept under stirring in CaCl2 solution for 
30 min.  
Macroparticles were also produced for Scanning Electron Microscopy (SEM) along 
the digestibility assay. Emulsions were dripped (10 ml/min) at a height of 3 cm from CaCl2 
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solution, using a Masterflex hose (1.6 mm internal diameter, model L/S 14 - 96400) coupled to 
a Masterflex peristaltic pump (7518-00). 
For macrogels production, emulsions were transferred to dialysis membranes 
(SnakeSkin Dialysis Tubing, 3500 molecular weight cut-off, Pierce, Rockford, IL, USA) and 
immersed in 500 ml graduated cylinder containing CaCl2 solution for 3 days. The macrogels 
were evaluated regarding mechanical properties and morphology by SEM. 
 
5.2.2.4 Particles in vitro digestibility 
Particle degradation profile through the gastrointestinal tract was monitored by 
static in vitro digestibility, as proposed by (Minekus et al., 2014). For oral step, particles, α-
amylase (enzymatic activity 9.65 ± 0.40 U / mg) and simulated salivary fluid (FSS) were 
incubated at 37 °C, the pH was adjusted to 7, and stirring was maintained at 100 rpm for 2 min. 
Sequentially, for gastric step, simulated gastric fluid (SGF) and 2000 U / mL pepsin (enzymatic 
activity 542.35 ± 38.55 U / mg) were added, the pH was adjusted to 3 and incubated for 2 hours. 
The enteric phase was simulated by the addition of 160 mM bile extract (10 mM at the end of 
the mixture), 800 U / mL pancreatin (enzymatic activity 5.69 ± 0.20 U / mg) and simulated 
intestinal fluid (SIF). The pH was adjusted to 7 before incubating the samples for 2 hours at 37 
°C. Particles were removed at the end of the enteric phase for scanning electron microscopy 
characterization (2.3.6). 
 
5.3 Characterization and analysis 
5.3.1 Proximate analysis and apparent amylose content 
Moisture and ash were determined by gravimetric method; lipid by Bligh & Dyer 
(Bligh & Dyer, 1959); protein by Kjeldahl determination; and carbohydrates by difference. The 
analyses followed the methods described in the Official Methods of Analysis by the Association 
of Official Analytical Chemists (Helrich, 1990). Amylose content was determined using (ISO, 
1987) methodology. 
 
5.3.2 Thermal properties of starch 
Thermal properties of starch were analyzed using a differential scanning 
calorimeter (DSC 2920, TA Instruments, USA). 2 mg of starch was weighed directly into 
aluminum capsules (TA Instruments, USA) with 6 µl of Milli-Q water. The capsules were 
hermetically sealed after weighing and heated from 10 to 110 °C at a rate of 10 °C/min. The 
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initial gelatinization temperature (T0), peak temperature (Tp), final temperature (Tf) and 
gelatinization enthalpy (ΔH) values were obtained from the thermogram, analyzed by the 
Universal Analysis software (TA Instruments).  
 
5.3.3 Starch crystallinity 
Crystalline properties of starch powder and starch (gelatinized and native) solutions 
submitted to ultrasonic process (UP3) were evaluated using an X-ray diffractometer (XRD) 
(PAnalytical, X PERT PRO MRD). Samples were measured in the 2θ angle range between 5º 
and 60º at a scan rate of 2.0 s/step and a step size of 0.01º. The diffractometer operates at 27 
mA and 50 kV. 
 
5.3.4 Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra were performed for lyophilized aqueous phase of pure biopolymer 
solutions submitted to the sonication process (UP3) and for microgels using a Fourier 
transformed infrared spectroscopy (ATR-FTIR) (Bruker Vertex 80v). Spectra were recorded 
from 400 to 4000 cm-1. Spectra were collected at a resolution of 4 cm-1. 
 
5.3.5 Mechanical properties 
Mechanical properties of emulsion filled macrogels were evaluated by uniaxial 
compression test using a TA-XT Plus Texture Analyzer (Stable Micro Systems, UK) with a 45 
mm diameter cylindrical acrylic plate. The mechanical properties were obtained by 
compression of the gels at 80% of the original height at 25 ° C, with a compression speed of 
1mm / s to obtain Hencky stress (σt), Strain (Ɛt) and Young’s modulus (E), calculated according 
















5.3.6 Morphology and microstructure of hydrogels 
Macrogels and particles were prepared for Scanning Electron Microscopy (SEM) 
according to the methodology described by (Andrade, 2008; Pires Vilela, Cavallieri, & Lopes 
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da Cunha, 2011). Samples were pre-fixed in 2.5 % glutaraldehyde in cacodylate buffer 0.1 M 
(pH 7.2) and placed in liquid nitrogen before fracture. Fractured samples were pos-fixed in 1.0 
% osmium tetroxide in cacodylate buffer 0.1 M for two hours, then dehydrated in graded 
ethanolic series (30 %, 50 %, 70 %, 90 %, and 100%), followed by critical point drying (Balzers 
Critical Point Dryer CPD03). The dried samples were mounted on aluminum stubs and coated 
with gold-palladium alloy, in a sputter deposition system (Balzers Sputter Coater SCD 050). 
The electron microscopy has been performed with FEI/THERMO Inspect model F50 available 
at LNNano, Campinas/SP/Brazil.  
 
5.4 Statistical analyses 
The statistical treatment of the data was conducted using SISVAR software - 
Computer Statistical Analysis System (Ferreira, 2011) for analysis of variance (ANOVA). The 
significant differences (p < 0.05) between samples were determined by the Tukey procedure.  
 
5.5 Results and discussion 
 
5.5.1 Biopolymers characterization 
Proximate analysis of potato starch, alginate and gelatin indicated that samples had 
0,81%, 0,74% and 87,92% of protein; 0,10%, 0,14% and 0,11% of lipid, 0,30%, 22,12% and 
0,31% of ash, 13,85%, 13,67% and 11,81% of moisture, 84,95%, 63,33% and 0,15% of 
carbohydrates content, respectively. Potato starch presented 31.15% of amylose content, similar 
results as reported in the literature (Garcia, 2013).  
Differential scanning calorimetry is an important chemical analysis used to 
characterize starch crystallinity and structure modifications. The DSC of starch was performed 
and the gelatinization temperature for native potato starch was obtained. The average values of 
initial gelatinization temperature, peak temperature, and final temperature were T0 (62.29 °C ± 
0.11), Tp (65.64 °C ± 0.38) and TF (70.12 °C ± 0.11) respectively. The gelatinization enthalpy 
(∆H), was 8.93 ± 1.35 J/g dry starch. Thermal properties of different potato starch genotypes 
were studied by (Kim, Wiesenborn, Orr, & Grant, 1995), showing similar results. 
The XRD results obtained for gelatinized potato starch did not show peaks 
characteristic of crystalline regions, demonstrating that the gelatinization temperature and 
ultrasound process, were capable of breaking down the crystalline structure, as showed by the 
DSC results, (Figure 1). In addition, comparing the FTIR spectra obtained for the native starch 
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powder and sonicated native starch, it was possible to observe that the sonication process alters 
the crystallinity of the native starch (Figure 1). However, it is noteworthy that, in addition to 
cavitation, the sonication process results on local increase of temperature, despite the use of a 
cooling bath, which may also have led to a change in the crystalline regions for the formulation 
StarchNG UP3 (Figure 1) (Hu et al., 2015). 
Overall, the obtained results indicate that, some crystalline regions of the granules 
are lost with sonication. Native starch powder showed peaks close to 16o, related to β-type 
crystallinity structure, due to amylopectin fraction (Bursali, Coskun, Kizil, & Yurdakoc, 2011) 
and around 36°, also observed by native cassava starch (Riyajan, 2017). The same peaks were 
not observed for the sonicated native starch. For starch powder and starch granules, a marked 
peak was observed around 26°. Similar diffraction pattern was also observed for potato puree 
and related to small change in the V type starch structure (22° peak), indicating an irregularity 
in the crystal lattice due to the physical and / or chemical characteristics formed during the 
hydration and dehydration treatments of potato flakes, used for potato puree production (Dankar 
et al., 2018).  
Figure 
1: XRD patterns of potato starch powder, non-gelatinized potato starch solution submitted to 
ultrasonic processor (Starch NG UP3) and gelatinized potato starch solution submitted to 
ultrasonic processor (Starch G UP3).  
 
5.5.2 Emulsion filled hydrogels 
FTIR spectra of biopolymers are shown in Figure 2a and of emulsion filled 
microgels in Figure 2b. Comparing gelatinized starch with non-gelatinized starch, slight 
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differences were observed between the spectra. Small intensity differences between spectra of 
amylose and amylopectin were also described by Raman and FTIR (Wiercigroch et al., 2017). 
Similar FTIR results for potato powder and potato puree are reported by (Dankar et al., 2018). 
 
 
Figure 2: FTIR spectra of sonicated and lyophilized pure compounds (a), and emulsion filled 
microgels (b). Starch gelatinized (S), Starch non-gelatinized (SNG), Alginate (A) and Gelatin 
(G). Ultrasound processing at 375 W/5min (UP3). 
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Characteristic peaks for starch have been described in the literature: The region 
between 400 and 1500 cm-1 expresses a major number of starch characteristics: 577 cm-1 was 
related to skeletal modes of the pyranose ring and 780 cm-1 to C-C stretch (Dankar et al., 2018). 
A band of 842 cm-1 is due to C=CH bending (Riyajan, 2017). FTIR spectra of branched 
polysaccharides between 845 and 895 cm−1 are attributed to C-1-H α-configuration and C-1-H 
β-configuration, respectively, while an intense peak at 991 cm-1 is related C-O-C glycosidic 
linkages (Wiercigroch et al., 2017). Wiercigroch et al., (2017) also attributed the region of 800-
1150 cm−1 with the formation of polymeric chains, ring vibrations coupled with the stretching 
vibrations of the -COH groups and glycosidic bonds. Skeletal mode vibrations of α 1→4 
glycoside bonds were assigned to 930 cm-1, glucosidic C-O-C to 1164 cm-1, -CH3 deformation 
to 1378 cm-1, -CH2 bending and -COO stretch to 1412 cm
-1 peaks, 1650 cm-1 assigned to C=O 
stretching vibration and water adsorption in the amorphous region. Comparing S and SNG it was 
possible to observe a slight decrease in intensity at 1650 cm−1 for SAGNG, compared with SAG, 
corresponding to O–H stretching, C=O vibrations and water absorption, as reported by (Dankar 
et al., 2018; Liu, Charlet, Yelle, & Arul, 2002). With starch gelatinization, breaking of hydrogen 
bonds between poly-(1→4)-α-glucan chains occurs, increasing the intensity of 1020 and 1080 
bands (Figure 2a). A band at 1020 cm−1 is assigned to the vibration of C–O–H and is related to 
amorphous and crystalline changes. A band at 1080 is assigned to C–O, C–C and O–H bond 
stretching, bending and asymmetric stretching of the C–O–C glycosidic bonds (Liu et al., 2002). 
Around 2964 and 2929 cm1 peaks were also evident due to C-H stretching (Dankar et al., 2018; 
Riyajan, 2017). Hydroxyl group of starch, bands between 3000-3300 cm1, was attributed to the 
stretching vibration of C single bond groups (Bursali et al., 2011; Riyajan, 2017). 
The characteristic peaks of alginate are shown in Figure 2a, 918 cm-1 is assigned to 
Na-O, 947 cm-1 (C–O stretching), 1021 cm-1 (C–O–C stretching), 1126 cm-1 (C–C stretching), 
1318 cm-1 (C–O stretching), 1412 and 1596 cm-1 due to symmetric and asymmetric stretch of 
carboxylate group (COO-), respectively. Broadband ranging from 3000 to 3700 cm-1 was 
associated with stretching vibrations of -OH hydrogen-bonded (Riyajan, 2017; Sarker et al., 
2014; Sorour et al., 2013).  
Figure 2a shows FTIR spectra for gelatin, where three major peak regions are 
detected: 3600-2700 cm-1 (Amide A and B), 1900-900 cm-1 (Amide I, II, III), and 900-400 
cm-1 (Amide IV, V, VI) (Al-Saidi, Al-Alawi, Rahman, & Guizani, 2012). Regarding the spectra 
between 1900-900 cm-1, amide III vibrational modes associated with triple-helical structure was 
around 1248 cm-1, amide II band to 1551 cm-1, and an intense amide I band of collagen centered 
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at 1633, due primarily to the stretching vibrations of the peptide carbonyl group along the 
polypeptide backbone and related to random coil structure (Payne & Veis, 1988). 
Alginate and gelatin were used for all hydrogels produced, therefore, the produced 
emulsion filled hydrogels presented similar spectra characteristics, with slight differences 
(Figure 2b). The band at 1361 cm−1 was observed (Figure 2a) and was associated with –C-H 
bending vibrations of -N-CO-CH2- groups from gelatin, for alginate and gelatin blended fibers 
this peak was also observed (Wang, Liu, Zhang, Zhang, & Zhu, 2019). Gelatin was present in 
all formulations, showing characteristic absorption bands at 1630 cm-1, related to N–H 
stretching vibration peaks for amide I. However, the 1630 cm-1 band, has also been related to 
uncrosslinked gelatin on alginate network, as explained by (Sarker et al., 2014), that obtained 
the same peak at 1630 cm-1 for alginate-gelatin hydrogel.  
Comparing spectra results obtained for emulsion filled hydrogels (Figure 2b), all 
formulations showed peaks of 1745cm-1 and between 2800 to 3000. Particles without oil (data 
not shown) did not present these peaks, indicating they are characteristics of sunflower oil. 
FTIR spectra for sunflower oil presented by (Rohman & Che Man, 2012) corroborate with these 
findings. Intense peak around 1740 cm−1 is due to C=O double bond stretching vibration and 
absorptions at 2922 and 2853 cm−1 were corresponding to C–H stretching vibrations of 
methylene (–CH2–) and methyl (–CH3) groups, respectively.  
Among microgels with starch addition on the gelatinized or non-gelatinized state, 
the same slight differences observed for biopolymers S and SNG were observed with FTIR 
spectra. The biopolymers peak observed in 1650 cm-1 attributed to O-H stretching vibrations 
and water absorption, increased its intensity for SAG hydrogels compared with SAGNG. 
According to (Dankar et al., 2018), the molecular size of alginate delays its interaction with 
starch, that restricts to -OH groups at the granule surface, allowing the integrity of granules, 
explaining the lower intensity of water absorption band. 
Comparing AG with starch containing microgels, a peak around 877 cm-1 was not 
observed for AG, the same peak was observed in starch powder and starch hydrogels, attributed 
to C-1-H β-configuration and C-1-H α-configuration (Wiercigroch et al., 2017). Between 900 
to 1130 cm-1, AG microgels presented more peaks, compared with starch microgels, attributed 
to some chemical interactions, as described by (Riyajan, 2017; Sarker et al., 2014; Sorour et al., 
2013).   
Mechanical properties are related to the strength and type of bonds between 
biopolymers, reflecting the cohesive properties, firmness, and elasticity of gels. Therefore, they 
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are strictly related to FTIR and SEM results. Emulsion filled macrogels (SAG and SAGNG) 
were evaluated regarding mechanical properties and the results can be seen in Figure 3. AG 
emulsion filled hydrogel data were not presented for this analysis, once the higher alginate 
concentration would certainly cause marked differences compared with starch containing 
formulations, leading to false results in the statistical analysis. 
Comparing stress at fracture for SAG and SAGNG, it was observed higher value for 
SAG (Figure 3a). Such difference was attributed to the network formed between alginate, 
gelatin, and starch on different states. The small chemical modifications with starch 
gelatinization in the amorphous and crystalline regions, -OH vibrations, and water absorption 
(Figure 2), resulted in a homogeneous SAG microstructure trapping the oil droplets that was 
harder than SAGNG (Figure 4b). Besides being more rigid, gelatinized starch on alginate 
particles has been reported to solve friable problems, reinforcing the hydrogel network and fills 
the voids (Chan et al., 2011). 
For SAGNG macrogels, although alginate formed a compact and inhomogeneous 
network, that was also able to trap oil droplets, starch granules caused local discontinuities 
(Figure 4c), which may have resulted in lower stress at rupture (Figure 3a). The starch granules 
of SAGNG hydrogels were found to have cracks and imperfections caused by sonication, as 
reported in the literature (Sujka & Jamroz, 2013). 
Although native starch causes discontinuity in the SAGNG network (Figure 1), the 
same capacity to deform hydrogels without breaking was achieved for SAG and SAGNG, 
presenting no differences in the strain at fracture (Figure 3b). Also, no significant differences 
were observed in the firmness of the materials, evaluated by Young's modulus (Figure 3c). 
Possibly the alginate network plays a greater role in the strain at fracture and elasticity 
properties. 
  





Figure 3: Mechanical properties of emulsion filled macrogels. (a) Stress at fracture. (b) Strain 
at fracture and (c) Young’s modulus. Lower case letters indicate statistical differences (p <0.05) 
between formulations. Starch-Alginate-Gelatin macrogel (SAG) and non-gelatinized Starch-
Alginate-Gelatin macrogel (SAGNG). 
 
SEM results pointed similarities between the microstructure of AG and SAGNG 
(Figures 4a and c), since a compact network with oil droplets entrapped was formed by the 
alginate and gelatin in both cases, even in reduced concentration for SAGNG (0.5% w/w). 
However, SAGNG network shows the presence of native starch filling the pores (indicated by 
the red arrow) (Figure 4c). For SAG hydrogel (Figure 4b), a porous network with a structure 
similarly to a spongy aggregate around covered oil droplets was observed. Similar spongy 
characteristics have been reported for calcium alginate beads with 200g/L of starch filler (Chan 
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Figure 4: Scanning electron microscopy of emulsion filled macrogels obtained by dialysis 
membranes. (a) AG macrogel, (b) SAG macrogel and (c) SAGNG macrogel. Magnification of 
5000 ×. Scale bar: 10 µm. 
 
The emulsion filled particles were evaluated regarding structuring properties during 
digestibility (Figure 5). For each formulation, all particle microstructure was similar to the 
macrogel microstructure obtained by the dialysis membrane (Figure 4), with oil droplets 
covered by the biopolymer network. A compact network was observed for the AG hydrogel 
(Figure 5a). A similar structure was also observed for SAGNG and was attributed to the alginate 
and gelatin network trapping oil droplets. However, SAGNG presented starch granules dispersed 
in the network, filling the pores of the hydrogel network (Figure 5c). SAG, on the other hand, 
resulted in a spongy structure, entrapping the oil droplets (Figure 5b).  
At the end of digestibility, large pores (indicated by the red arrow) and the exposure 
of oil droplets (indicated by the blue arrow) were observed for AG (Figure 5a1), indicating that 
even with the highest alginate concentration, the network was more affected. When alginate 
particles were exposed to salts of intestine phase simulation, Ca2+ ions which were binding with 
COO–alginate groups are replaced for salts present on digestive fluids, starting an electrostatic 
repulsion between negatively COO–groups, and promoting the gel relaxation and swelling (Li 
et al., 2009), which explain the observed pores (Figure 5a1). Swelling and dissolution-controlled 
systems were also explained by (Peppas & Narasimhan, 2014), where gels undergo complex 
macromolecular changes by diffusion of solvent due to polymer chain relaxation. Chemically 
controlled delivery systems are driven by the biopolymer degradation, that can occur by a 
combination of bulk and surface erosion. Several phenomena influence the release kinetics of 
hydrogels, as the interaction between compounds of the gel, microstructure, geometry and 
biopolymer concentration (Peppas & Narasimhan, 2014). After simulated digestibility, SAGNG 
maintained its cohesive microstructure, without pores, and with oil droplets evident on the 
surface (indicated by the blue arrow), probably due to erosion process (Figure 6c1). Although 
native starch has not been distinguished in optical microscopy images (Figure 5c1), the granules 
a b c 
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has been reported for being resistant during passage through the simulated digestive tract. The 
slow hydrolysis of native potato starch has been associated with the larger granule size, smooth 
surface, type of crystalline structure and larger blocklets of amylopectin lamellae, that cause 
resistance to enzymatic digestion (Dhital, Shrestha, & Gidley, 2010). 
 The higher gel hardness registered by SAG (Figure 3a) on mechanical properties 
influenced the microstructure profile before and after digestion. The continuous network, 
without pores and spongy structures (attributed to starch gel) observed before digestibility, 
changed to a porous network at the intestinal stage. Therefore, it is suggested that the process 
of network degradation of AG, SAG and SAGNG presented different characteristics, showing 
the influence of starch on the microstructure degradation during digestibility, compared to 
alginate gels, one of the most commonly used biopolymers for bioactive delivery. These 
systems can be designed to promote controlled delivery in specific regions, according to the 
characteristics of the encapsulated bioactive. 
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Figure 5: Scanning electron microscopy of emulsion filled particles submitted to in vitro 
digestibility. Particle AG before digestibility (a), and after intestinal phase (a1). Particle SAG 
before digestibility (b), and after intestinal phase (b1). Particle SAGNG before digestibility (c), 









The results showed that the partial substitution of alginate by starch in emulsion 
filled hydrogels, modified the hydrogels network. The substitution of part of the alginate (0.5% 
w /w) by starch (3.0% w/w) (gelatinized or native), modified microstructure, morphology and 
chemical properties of hydogels. 
The FTIR spectra of hydrogels showed characteristic peaks observed for pure 
components, revealing the maintenance of the functional groups with the crosslinking. Minor 
differences were observed between SAG and SAGNG formulations and related to water 
absorption and starch crystallinity. 
The swelling behavior of the hydrogels throughout digestibility showed a 
correlation with chemical and mechanical properties and presented interesting results regarding 
the release. Hydrogels SAGNG maintained a closed network, with the absence of pores at enteric 
stage, compared to AG and SAG hydrogels, that exposed oil droplets and formed a porous 
network on enteric stage, respectively. These findings pointed out the potential use of hydrogels 
with starch filler for delivery of nutraceuticals in the enteric phase.   
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Highlights 
• Starch in gelatinized and native forms were used in encapsulation systems 
• Starch, alginate and gelatin hydrogels promoted higher storage stability to β-carotene  
• Starch granules fill pores of microgels protecting β-carotene during digestion 
•  Native starch-based hydrogels are able to deliver stable β-carotene in the simulated 
intestinal phase 
  





Encapsulation systems present the potential to protect bioactive compounds on the matrix in 
which they are added and may promote the target delivery on gastrointestinal tract. In this study, 
β-carotene was incorporated into emulsion filled hydrogels composed by alginate, gelatin and 
starch (on gelatinized (SAG), and non-gelatinized form (SAGNG)). Free oil containing β-
carotene was used as a control. The oxidative stability of microgels and free oil, and β-carotene 
stability was tested under accelerated storage conditions. The impact of the in vitro digestibility 
on morphology and microstructure of microgels was also evaluated and correlated to the β-
carotene stability. Results indicate that oxidative stability was achieved by the oil encapsulated 
in the starch microgels along storage. Higher β-carotene stability during accelerated storage 
conditions was recorded for encapsulated β-carotene, compared with free oil, showing the 
potential of SAG and SAGNG application on processes that operate at elevated temperatures, or 
subjected to temperature fluctuations post manufacturing steps, increasing β-carotene shelf life 
on microgels. Regarding digestibility assay, both microparticles were resistant to passage 
through the oral and stomach fluids and presented microstructure and size modifications. 
SAGNG ensured greater stability of β-carotene on digesta, attributed to biopolymer network, 
where non-gelatinized starch filled empty spaces and formed a closed network around the oil 
droplets, protecting the bioactive from the action of oxygen, acidity, pro-oxidants, and free 
radicals. 
 
Keywords: encapsulation; bioactive; digestibility; storage stability.  
  




6.1.  Introduction 
The search for health and well-being has encouraged the food industry to invest in 
research that allows the supplementation of foods with bioactive compounds, such as minerals, 
vitamins and nutraceuticals (Mun, Kim, & McClements, 2015). However, a considerable part 
of these active ingredients are sensitive to processing and storage conditions, presenting low 
stability and solubility, light and pH sensitivity, and poor bioavailability, which can be 
significantly improved using encapsulation techniques (Z. Zhang, Zhang, Chen, Tong, & 
McClements, 2015). Depending on the type of bioactive, food matrix, wall materials, and 
encapsulation techniques, it may be possible to produce systems with varied characteristics, 
attending different demands. Bioactive protection, improved functional properties, and 
controlled delivery, are examples of some properties of encapsulation systems (Shishir, Xie, 
Sun, Zheng, & Chen, 2018; Zhu, 2017). 
β-carotene is a bioactive with antioxidant and pro vitamin A activity, and its 
consumption is related to improvement of immunity, reduction of infections and chronic 
diseases (Liu, Wang, McClements, & Zou, 2018). Nevertheless, the direct application of β-
carotene in food products is limited, because it is a hydrophobic molecule, and presents low 
chemical stability when exposed to light, oxygen and temperature (Liu et al., 2018; Park, Mun, 
& Kim, 2018). To overcome these limitations, studies have shown that the consumption of 
carotenoids associated to lipids and hydrogels has increased its physical and chemical stability, 
these barrier agents were capable of protecting β-carotene against pro-oxidants action (Liu et 
al., 2018; R. Zhang & McClements, 2016).  
It is well known that different biopolymer networks can cause distinct impacts on 
bioactive protection and delivery on the digestive tract, which depends on the nature of 
biopolymers and the interaction mechanisms between bioactive and biopolymeric networks 
(Wooster et al., 2014). A variety of compounds have been investigated as wall materials, 
including proteins, carbohydrates, lipids, and others (Okuro, Furtado, Sato, & Cunha, 2015). 
To produce carrier systems of β-carotene,  lipid-based systems have been investigated, 
including lipid-based nano systems, liposomes, solid lipid particles, emulsions, nanoemulsions, 
emulsion filled hydrogels, and others (Fathi, Mozafari, & Mohebbi, 2012; Mozafari et al., 2006; 
Mun et al., 2015; Xu et al., 2014). 
The combination of wall materials has resulted in systems with bioactive protection 
characteristics, besides different functional performances (Park et al., 2018). The production of 
emulsions filled hydrogels, allows the incorporation of β-carotene on lipid phase. It is believed 




that by combining gelatin, as an emulsifier, alginate and starch, as wall materials, protective 
and controlled delivery properties may be achieved. The wall materials proposed in this 
investigation are suitable for introduction into food products, not cause changes on flavor and 
color, and can act as texture modifier. Besides, encapsulation costs can be reduced using starch 
as the predominant matrix compound.  
The purpose of this study was to examine the impact of starch addition in the 
gelatinized and non-gelatinized form on encapsulation structures to protect β-carotene. The 
emulsion filled hydrogels were evaluated regarding β-carotene stability during accelerated 
storage conditions and their ability to prevent oil oxidation. The emulsion filled hydrogels were 
also submitted to static in vitro digestion simulation, and evaluated regrading beta carotene 
stability on digesta, morphology and microstructure along each step of digestibility. For this, 
three types of protection and delivery system was studied (i) free oil (ii) SAG and (iii) SAGNG 
microgels, produced by ionotropic gelation of emulsions. The results presented may be useful 
for designing emulsion filled hydrogels products fortified with nutraceuticals, that need to be 
protected during processing, storage and delivered at intestinal phase. 
 
6.2.  Materials and methods 
6.2.1.  Materials 
Alginate FD 17X supplied by Danisco (France), gelatin A-type - bloom 280 (~5.5 
isoelectric point and 87.92 ± 0.39 g/100 g protein content) donated by Gelco (Brazil), potato 
starch from Zona Cerealista (Brazil), sunflower oil Qualitá (Brazil) and β-carotene from Sigma 
(C9750) (≥93 % purity), were used. For the preparation of simulated gastrointestinal fluids, α-
amylase (A3176), porcine pepsin 3200-4500 U / mg (P6887), pancreatin 8 x USP (P7545) and 
porcine bile extract 160mM (B8631) - Sigma-Aldrich (USA) were used. All other chemicals 
were of analytical grade or equivalent. 
 
6.2.2. Methods 
6.2.2.1. Emulsion filled microgels preparation  
6.2.2.2.  Aqueous phase  
The aqueous phase was prepared using alginate (A) (0.5% w/w), gelatin (G) (1.0% 
w/w) and starch (S) (3.0% w/w) on gelatinized and non-gelatinized (native) form (NG). 
For SAG aqueous phase, alginate was added in deionized water at room temperature 
and kept under constant magnetic stirring until complete dissolution, for about 20 minutes. 




Sequentially, starch was added, and the solution was heated at 90 °C under the magnetic stirring 
for 20 min, to ensure gelatinization. Prior gelatin addition, the solution was cooled to 45 °C and 
the magnetic stirring kept at 800 rpm for a further 20 minutes.  For SAGNG aqueous phase, after 
alginate dissolution, gelatin was added and heated to 45 °C under magnetic stirring for 20 min. 
The solution was cooled to room temperature prior to starch addition, remaining under agitation 
for a further 20 minutes. The final pH of the aqueous phase was 6 ± 0.2. 
 
6.2.2.3.  Emulsions preparation  
Before emulsion preparation, β-carotene (0.025 % w/w) was dispersed in sunflower 
oil by heating (45 oC/10 min) and kept stirring overnight at room temperature in the absence of 
light. 
Emulsions were produced using 20% (w/w) of sunflower oil with β-carotene and 
80% (w/w) of biopolymers aqueous phase, according to a method described previously (Silva 
& Sato, 2019). For sonication, an ultrasonic processor with 20 kHz of frequency was used at 
375 W/5 minutes.  
 
6.2.2.4.  Microgels preparation 
Emulsion filled microgels were obtained by SAG and SAGNG atomization in a 
nozzle (Labmaq do Brasil Ltda, Brazil) with a 0.7 mm of diameter. Emulsions were atomized 
in a 150 mM calcium chloride solution at room temperature. The height between the atomizer 
nozzle and the CaCl2 solution was set at 15 cm, Masterflex peristaltic pump (7518-00) was set 
at a flow rate of 10 ml/min and the compressor pressure at 0.5 bar. The emulsion filled microgels 
were kept under stirring in CaCl2 solution for 30 min and they were collected in a 0.044 mm 
sieve. Microgels scaling up, named as emulsion filled particles, were used for Scanning 
Electron Microscopy assay during the digestibility.  In this case, aiming to maintain the 
spherical shape, particles were produced by dripping emulsions using a Masterflex hose (1.6 
mm internal diameter, model L/S 14 - 96400) with a Masterflex peristaltic pump (7518-00). 
The emulsion was dripped at a height of 3cm from the 150 mM CaCl2 saline solution. 
  




6.2.3. Microgels Characterization 
 
6.2.3.1. Oxidative stability 
6.2.3.2.  Peroxide value (PV)  
Peroxide value was determined spectrophotometrically according to methodology 
described by (Shantha & Decker, 1994) . Approximately 0.1 g of oil was weighed and added to 
9.8 mL of chloroform/methanol (7:3, v/v), 50 μL of Iron II and 50 μL ammonium thiocyanate 
solutions. Samples were briefly vortexed and reacted in the dark for 5 min. Absorbance was 
measured at 500 nm in a spectrophotometer Unico SpectroQuest 2800 UV/Vis (United Products 
& Instruments Inc., USA). 
 
6.2.3.3.  P-anisidine value (PAV) 
Determination of P-anisidine values was performed according to the method 
(AOCS Cd.18-90, 2003). An aliquot of 0.5g of oil was dissolved in 25 ml volumetric flask with 
isooctane and the absorbance was measured at 350 nm (Ab) in a spectrophotometer Unico 
SpectroQuest 2800 UV/Vis (United Products & Instruments Inc., USA). 5 mL of each oil 
solution was mixed with 1 mL of P-anisidin reagent and shaked after 10 minutes, the absorbance 
at 350 nm was measured (As), using the solution of 25 ml volumetric flasc as a blank reference. 
The PAV was calculated as followed: 
 
𝑃𝐴𝑉 =





Where, 𝐴𝑠 is the absorbance of the fat solution after reaction with P-anisidine, 𝐴𝑏 
is the absorbance of the fat solution and 𝑚 is the mass of the test portion. 
 
6.2.4.  Stability of β-carotene during storage 
Degradation of β-carotene was determined spectrophotometrically throughout the 
storage period (0, 3 and 6 days). β-carotene was extracted from oil using a solvent extraction 
method (Yuan, Gao, Zhao, & Mao, 2008). 0.5 mL of oil containing β-carotene was mixed with 
2 mL of ethanol and 3 mL of n-hexane (3 mL), vortexed and allowed to stand for a few minutes 
until complete phase separation. The yellow supernatant was transferred to a volumetric flask. 




After repeating the extraction three times, supernatants were combined, and the volumetric flask 
completed with hexane for absorbance measurement at 450 nm. 
 
6.2.5.  Oxidative and β-carotene accelerated stability  
The accelerated oxidative stability of free and encapsulated oil with β-carotene as 
well as β-carotene stability were tested under accelerated storage conditions as described by 
Menin et al., (2018), with some modifications. An amount of 12g of microgels and 2.4g of free 
oil were placed in petri dishes and stored in desiccator with saturated KCl solution to ensure 
approximately 80% of moisture control (Greenspan, 1977). Samples were stored at 65 °C in a 
forced air oven for 6 days, where 1 day represents approximately 1 month of storage at room 
temperature (Menin et al., 2018). Samples were evaluated on days 0, 1, 3 and 6 regarding 
oxidation (PV and PAV) (Sections 6.2.3.2 and 6.2.3.3) and 0, 3 and 6 for β-carotene stability 
(Section 6.2.4). Free oil with β-carotene was used as reference.  
For oil release, 12g of microgels were broken with 0.72g of citrate and water was 
completed, depended on the microgels moisture, until required amount for standard Blight Dyer 
methodology (Bligh & Dyer, 1959). SAG particles showed moisture of 74.62 ± 0.38 % and 
SAGNG 70.57 ± 0.54 %.  
 
6.2.6.  In vitro digestibility characterization 
 
6.2.6.1. Microgels Size Distribution 
Measurement of droplet size distribution was performed in a Malvern Mastersizer 
S (Malvern Instruments, UK) equipped with accessory Hydro 2000S (Malvern Instruments, 
UK). Values of the Sauter mean diameter [𝐷3.2] and polydispersity index (Span) were obtained.  
 
6.2.6.2. Microgels morphology 
Freshly produced microgels and submitted to digestibility assay were stained with 
Nile Red for morphology observation in a fluorescence microscope (Axio Scope.A1, Carl Zeiss, 
Germany) coupled with filter set 43 (excitation: BP545/25; beamplitter: FT 570; emission BP 








6.2.6.3.  Particles microstructure 
To evaluate the internal microstructure of particles during digestibility, a scanning 
electron microscopy was performed. Particles produced by dripping were removed at the end 
of each in vitro digestibility step and fixed in glutaraldehyde (2.5%) prepared in cacodylate 
buffer 0.1M (pH 7.2), during 24 h. Then, samples were crio-fractured under liquid nitrogen and 
washed twice with cacodylate buffer. Dehydration of samples in ethanol series (30%, 50%, 
70%, 90%) was conducted, with the final step performed three times with 100% ethanol before 
critical point drying (Balzers Critical Point Dryer CPD03). The samples were then adhered to 
aluminum stubs and coated with gold in a Sputter Coater (Balzers Sputter Coater SCD 050). 
The electron microscopy has been performed with FEI/THERMO Inspect model F50 available 
at LNNano, Campinas/SP/Brazil.  
 
6.2.6.4.  β-carotene stability on microgels 
After passage through the digestive tract, the β-carotene fraction that remained in a 
non-transformed state, was quantified to determine the β-carotene stability, which was 









where 𝐶𝐷𝑖𝑔𝑒𝑠𝑡𝑎 is the concentration of β-carotene in the small intestine phase, and 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the 
concentration of β-carotene in the initial samples. 
For β-carotene extraction, after digestibility, a digesta aliquot of 3ml was collected 
and added with 2 ml of absolute ethanol and 3 ml of hexane. The systems were vortexed twice 
every 10 min and extraction were repeated three times, before spectrophotometry measurement, 
as described on (6.2.4) section. 
 
6.2.6.5.  In vitro digestibility 
Digestibility assay was performed using the static method, using with a double 
jacketed reaction vessel, maintained at 37 °C, according to methodology proposed by (Minekus 
et al., 2014). Simulated salivary fluid (FSS), simulated gastric fluid (FGS) and simulated 
intestinal fluids (FIS) were maintained at 100 rpm during digestibility. 




For oral phase simulation, 75 U / ml α-amylase (enzymatic activity 9.65 ± 0.40 U / 
mg) was added with the simulated salivary fluid (FSS) prepared at the required concentrations. 
Microgels and free oil with β-carotene were incubated at 37 °C for 2 minutes and transferred to 
the simulated gastric fluid (FGS). For gastric phase 2000 U / mL pepsin (enzymatic activity 
542.35 ± 38.55 U / mg) was added, the pH was adjusted to 3 with 6M HCl and incubated at 
37ºC for 2 hours. At the enteric stage, the resulting mixture of gastric digestion was added to 
the simulated intestinal fluid (SIF), with 160 mM bile extract (10 mM at the end of the mixture), 
800 U / mL pancreatin (enzymatic activity 5.69 ± 0.20 U / mg) and 0.3 M CaCl2. The pH was 
adjusted to 7 with 1 M sodium hydroxide solution, before incubating the samples for 2 hours at 
37 °C. Aliquots were removed at the end of each step for microgels characterization regarding 
size distribution (6.2.6.1), fluorescence microscopy (6.2.6.2) and β-carotene stability (6.2.4). 
For scanning electron microscopy characterization, particles produced by dripping were used 
(6.2.6.3). 
  
6.3. Statistical analyses 
The statistical treatment of the data was conducted using SISVAR software - 
Computer Statistical Analysis System (Ferreira, 2011) for analysis of variance (ANOVA). The 
significant differences (p < 0.05) between samples were determined by the Tukey procedure.  
 
6.4. Results and discussion 
 
6.5.  Accelerated stability 
6.5.1.  Oxidative stability  
Effect of accelerated storage conditions on evolution of primary and secondary 
oxidations products (Peroxides and P-anisidin, respectively) on free sunflower oil and 
microgels with β-carotene are shown in Figure 1, where 1 day represents approximately 1 
month of storage at room temperature (Menin et al., 2018). During oxidation, hydroperoxides 
are formed as the intermediate compounds, that decompose into secondary oxidation products, 
such as 2-alkenes and 2,4-dienals (Crapiste, Brevedan, & Carelli, 1999).  
No significant differences in PV and PAV were observed between encapsulated 
samples and the free oil on day 0 (Figure 1a and 1b). Despite some processes conditions have 
been reported to cause lipid oxidation of flexeed oil (Menin et al., 2018), the shear and increase 
of the emulsion surface area during the atomization process did not promote oil oxidation for 




SAG and SAGNG, compared with free oil. Probably the emulsion protected the oil, indicating 
that the process was adequate and did not promote oil oxidation. 
 
  
Figure 1: Change in the Peroxides and P-anisidin caused by lipid oxidation at free oil, SAG 
and SAGNG microgels. Oil and microgels with different compositions were exposure at 65 °C. 
Peroxides (a) and P-anisidin (b) were determined as a function of time. 
No significant differences of PV were observed between SAG and SAGNG 
microgels during all storage time (Figure 1a). For free oil, on days 3 and 6, there was a 
significant increase in the peroxide value, compared to microgels. Even though on day 6 the 
PAV values recorded for free oil are close to PAV values for microgels (Figure 1b), the higher 
PV values obtained for free oil on day 6 indicate that more secondary oxidation compounds are 
prone to be formed. Results showed that for all samples, the PV were lower than the limit value 
(10 meq O2/Kg) established in Codex 210, for vegetable oils (Codex Alimentarius, 1999). The 
action of beta carotene as antioxidants (Rocha et al., 2018) possibly contributed to the low PV 
recorded. Even at very low concentrations in oil, 100–200 mg / kg oil, antioxidants can prevent 
oxidation reactions (Turgut Dunford, 2015). 
The lipid protection during storage period was achieved using emulsion filled 
microgels. Biopolymer network has been reported to act as a barrier to the diffusion of oxygen, 
pro-oxidants and free radicals (Liu et al., 2018), improving oxidative stability of encapsulated 
oils. 
 
6.5.2. β-carotene stability 
β-carotene is susceptible to chemical degradation when exposed to external 
conditions, such as light, oxygen, temperature and free radicals (Liu et al., 2018). To solve this 




































































obtained for encapsulated oil (Figure 1a). In order to increase the stability of β-carotene during 
storage, the chemical stability of β-carotene in free and microencapsulated oil was also 
evaluated by the accelerated stability. 
As expected, the encapsulated β-carotene in the microgels showed higher stability 
over the time under accelerated conditions (Figure 2). Considering that storage at 60ºC could 
result in instability of the gelatin and starch network, our results indicate that, under room 
temperature, even better stability results could be obtained with emulsion filled hydrogels. For 
free oil, 0.78 ± 0.07 µg / g oil was observed on day 6, indicating a β-carotene loss of 
approximately 99.7%, which dramatically decreased the shelf life. For SAG and SAGNG 
microgels, 48.72 ± 3.35 µg / g oil and 54.64 ± 6.39 µg / g oil, were preserved until day 6, 
corresponding to 25.7% and 27.4% of stable β-carotene, respectively. Comparing our storage 
results at 65 oC and 3 days (Figure 2), approximately 175 µg / g of stable β-carotene was 
observed in both microgels. Considering the high temperature, the obtained results for 
microgels indicated an excellent protection, since the literature has presented lower stability 
values under milder temperature conditions, as an example, for encapsulation of 252 µg β-
carotene / g oil in nanoemulsions stabilized by β-lactoglobulin (higher initial β-carotene 
amount, compared with our results), approximately 50 µg/g was stable after 3 days and 55 oC, 
and at 6 days, practically all β-carotene was degraded (Qian, Decker, Xiao, & McClements, 
2012). Alginate has been reported for promoting carotene stability under high temperature (Z. 
Zhang et al., 2016). The crosslinking formed by electrostatic interactions between alginate and 
calcium ions form an ordered egg-box structure, resulting in the reduction of oxygen diffusivity 
(Soukoulis, Cambier, Hoffmann, & Bohn, 2016).  
 
 





































Stability results show the potential of the alginate and starch network (SAG and 
SAGNG) in maintaining the stability of β-carotene for an extended period, as well as pointing to 
possible applications of carotenoids encapsulated in processes that operate at elevated 
temperatures or process subjected to temperature fluctuations post manufacturing steps 
(Soukoulis et al., 2016). 
 
6.5.3.  In vitro Digestibility  
In this study we sought to investigate the in vitro digestibility impact on the 
microstructure (particles), morphology and size distribution (microgels) of emulsion filled gels, 
and how this can influence the lipid release and β-carotene stability. We postulated that different 
biopolymer structures can release bioactive with different profiles during the digestibility. 
Results showed that the passage of encapsulated systems through the digestibility 
steps, caused a marked impact on microgels morphology and particles microstructure, as 
evidenced by fluorescence and scanning electron microscopy (Figures 4 and 5). 
 





























    
  
    
Figure 4: In vitro digestibility of microgels. (a) Size distribution and fluorescence microscopy 
















































a2 a3 a4 a1 
b 
b2 b3 b4 b1 




and (a4) intestinal phase (I). (b) Size distribution and fluorescence microscopy of S3.0A0.5G1.0ng 
microgels, (b1) before digestibility, (b2) oral phase, (b3) stomach phase and (b4) intestinal phase. 
Fluorescence microscopy of free oil, (c2) oral phase, (c3) stomach phase and (c4) intestinal 
phase. Scale bar: 100 µm. 
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Figure 5: Scanning Electron Microscopy of In vitro digestibility of particles and particles 
internal microstructure. S3.0A0.5G1.0 particles before digestibility (a1), at oral phase (a2), at 
gastric phase (a3) and at intestinal phase (a4). S3.0A0.5G1.0ng particles before digestibility (b1), 
at oral phase (b2), at gastric phase (b3) and at intestinal phase (b4). Magnification of 100 and 
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The starch addition in gelatinized or non-gelatinized forms led to different sizes of 
microgels. SAG microgels presented a size distribution of 244.09 ± 17.96 µm and SAGNG 
110.93 ± 9.83 µm (Fig 4a and 4b). This result may be directly related to the type of interactions 
formed between the biopolymers. Gelatinized starch interacts with a gel network of alginate 
resulting in a compact structure with small biopolymers clumps surrounding the oil droplets 
when gelled (Figure 5a1.1), while non-gelatinized starch interacts at specific sites of alginate 
network, filling the pores (Figure 5b1.1). Data not shown, indicated that SAG is harder, 
compared with SAGNG, reflecting strength of network, which possibly influenced the smallest 
size reductions observed for this formulation throughout digestion steps (Figure 4a). As a 
consequence of both, particle size and microstructure, the profile of the microgels along the 
digestibility presented differences. The smaller size results in larger surface area, allowing 
greater interaction with the digestive fluids and consequently greater size changes on microgels 
along each digestion phase (Figure 4b). However, despite the smaller SAGNG particle size, 
greater protection of the bioactive throughout digestibility was recorded, possibly due to closed 
network, with starch granules filling the pores, reducing pro-oxidants action (Figure 3). 
Both microgels increased their size during oral simulation, about 19% (SAG) and 
48% (SAGNG), which may reflect swelling behavior and macromolecular changes by solvent 
diffusion in the biopolymer network (Peppas & Narasimhan, 2014). Swelling was also reported 
for alginate beads when exposed to mouth phase and was related to reduced interaction between 
oppositely charged components (such as calcium ions and alginate) or increased repulsion 
between molecules with same charge (Z. Zhang et al., 2016). In this step, the microstructure of 
the SAG particles shifted from a continuous network with no exposed droplets (Figure 5a1.1) to 
a network that exposes some oil droplets (red arrow) (Figure 5a2.1). For SAGNG microgels, it 
was possible to observe the swelling of starch granules (white arrows) and some exposed oil 
droplets (red arrow) in a preserved biopolymer network (Figure 5b2.1). Highest particle increase 
for SAGNG may be reflex of starch granule swelling, probably, facilitating amylase action.  
After passage to the gastric tract, a size reduction of 34% (SAG) and 69% (SAGNG) 
was observed for microgels (Figure 4a and 4b). Protonation of alginate carboxyl groups at 
acidic pH has been related to shrink, causing pore reduction (Z. Zhang et al., 2016). 
Consequently, encapsulated components are better protected under gastric conditions, once the 
network became more closed with pores absence. Scanning electron microscopy of SAG and 
SAGNG hydrogels particles during gastric phase, confirm this statement, showing a closed 
network (Figures 5a3.1 and 5a3.1). For SAG microgels, since gelatinized starch forms a network 




with alginate, the protonation of alginate carboxyl groups must have been delayed by the starch 
presence. On the other hand, as starch granules (SAGNG) interact locally on alginate network 
(Figure 5b3.1), allows shrinkage of alginate network, besides filling the pores and protecting the 
carotene from acidity at the stomach phase. For SAGNG it was possible observe some starch 
granules exposed, with cracks and depressions at surface (white arrow), characteristic also 
observed by (Sujka & Jamroz, 2013), due to sonication process. This hypothesis of alginate 
shrinkage at acidic pH and pore filling by starch granules, was supported by the higher chemical 
stability of β-carotene after digestibility for SAGNG microgels (Figure 3), since acidity is one 
of the factors that cause bioactive chemical instability (Boon, McClements, Weiss, & Decker, 
2010). 
After the stomach phase, microgels were exposed to simulated intestinal fluids, 
which are rich in surface activity compounds. Salts and neutral pH, weakens alginate network 
(Li, Jia, Cheng, Pan, & Jiang, 2011), allowing bile salts access to the oil interface. Through a 
competitive displacement mechanism, bile and lipolysis products facilitate the removal of the 
interfacial gelatin and remaining biopolymer layer of oil droplets, promoting their release 
(Golding et al., 2011). Largest size reduction was observed for SAG microgels (76%), 
compared to 28% for SAGNG. The breakdown mechanism during intestinal phase was 
influenced by starch addition, on gelatinized or non-gelatinized form, and possibly, the 
sonication process also influenced this result. Literature has reported that the sonication process 
modifies functional properties of native starch suspensions and gelatinized starch gels. For 
native starch, only amorphous regions presents sensibility to sonication, while the changes 
caused by sonication in gelatinized starch can be more pronounced, resulting in viscosity 
reduction, as shown in previous work (Silva & Sato, 2019), increase on fat and water absorption 
(Sujka & Jamroz, 2013). The higher water absorption for sonicated gelatinized starch observed 
by (Sujka & Jamroz, 2013) also may be related to the larger pores (blue arrows) observed in 
the particle microstructure at intestinal phase for SAG (Figure 5a41), compared with SAGNG 
(Figure 5b41), enabling greater permeability of pro-oxidant agents and consequently, higher β-
carotene destabilization (Figure 3). However, for SAG microgels, at final enteric phase, beyond 
the oil droplets an evidence of irregular lipid-structures was observed, which can be mixed 
micelles formed from free fatty acids, monoacylglycerols, biopolymer network traces and bile 
salts (Figure 4a4). Although the non-gelatinized starch does not interact with the alginate 
network in a continuous way, probably starch act in SAGNG filling pores, protecting β-carotene 
and promoting uniform microgels disintegration. 




Beneficial health effects from β-carotene consumption are achieved when stability 
is guaranteed throughout the gastrointestinal tract (Liu et al., 2018). The β-carotene loaded in 
the SAGNG microgels presented greater stability after digestion than that loaded in the SAG 
microgels, 84.49 ± 6.82 µg/g oil and 64.04 ± 2.44 µg/g oil, respectively (Figure 3). The β-
carotene instability along digestion has been associated to exposure to acidic conditions 
(stomach phase), that cause a protonation, cis–trans isomerization and further degradation 
reactions (Mortensen & Skibsted, 2000). It should be noticed that even though stability result 
of β-carotene for free oil was significantly equal to β-carotene stability for SAG microgels 
(Figure 3). Under experimental conditions, free oil was not homogeneously dispersed in 
digestive fluids, remaining on the top of the solution, which may have related to retarding 
chemical degradation. 
The improved stability of the β-carotene in the SAGNG was obtained by the 
characteristics of this gel network along the digestibility assay, with starch granules filling 
empty spaces, forming a closed network around the oil droplets and protecting the bioactive 
from the action of oxygen, acidity,  pro-oxidants, and free radicals (Liu et al., 2019).  
  




6.6.  Conclusions 
Emulsion filled hydrogels containing mainly starch in the gelatinized and non-
gelatinized wall material were produced and allowed the protection of beta carotene under 
accelerated storage conditions. The microgel network prevented oxidative degradation of the 
oil phase, maintaining the chemical stability of beta carotene when compared to free oil. The 
barrier offered by the network, hinders the rate of oxygen transfer, protects the bioactive from 
the light action and during passage through the digestive tract. 
SAGNG showed the best results during in vitro digestibility. Higher β-carotene 
stability was obtained due to the characteristics of gel network, in which non gelatinized starch 
granules filled the pores, forming a closed network around the oil droplets that protected the 
bioactive from the gastric acidic conditions, oxygen, acidity and free radicals.  
The results point to possible applications of encapsulated carotene in acidic foods, 
or subject to temperature fluctuations after manufacture, increasing its shelf life and allowing 
controlled delivery. 
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7.1. Discussões Gerais 
  
Em um primeiro momento foram avaliadas as condições de processo que 
possibilitaram a produção de emulsões estáveis e a formação de hidrogéis carregados de 
emulsão utilizando alginato, gelatina, e amido gelatinizado como materiais de parede. 
Estabelecido o processo empregado, bem como a concentração de biopolímeros, avaliou-se a 
efetividade do recobrimento em camadas dos microgéis carregados de emulsão por interação 
eletrostática, utilizando gelatina e alginato.  
Na primeira etapa, o pH foi determinante para estabilidade das emulsões. A 
caracterização dos biopolímeros em relação à carga superficial mostrou que em pH 3 os 
biopolímeros apresentam cargas opostas, o que promoveu complexação eletrostática, com 
consequente desestabilização das emulsões (Shinde & Nagarsenker 2009; Devi & Kakati, 
2013). Em pH 6, emulsões contendo amido, alginato e gelatina apresentaram estabilidade, 
permitindo a produção de emulsion filled microgels por gelificação iônica. O revestimento em 
camada dos microgéis com gelatina foi realizado em pH 3 e 6 e avaliados por microbalança de 
quartzo e potencial zeta. Os resultados mostraram que em pH 3 a gelatina interagiu 
eletrostaticamente com o microgéis, sendo que uma segunda camada de revestimento, composta 
de alginato, também foi possivel por interação eletrostática. A literatura apresenta trabalhos 
similares, onde soluções de caseinato de sódio aderiram a microgéis de alginato por 
complexação (Ching et al., 2015). Comparando a carga superficial da solução proteica com a 
interação proteína-microgel, os autores relataram uma redução da carga líquida de proteína 
quando associada aos microgéis, sugerindo uma interação entre microgéis de alginato e 
caseinato em pH 3. (Ching, et al., 2015). 
Explorar e entender o comportamento dos hidrogéis carregados de emulsão quando 
submetidos à digestibilidade é de grande importância para o desenvolvimento de produtos à 
base de lipídios (Corstens et al., 2017). Além disso, é importante investigar a efetividade dos 
microgéis com camadas de recobrimento, para promoção de proteção e propriedades de entrega 
melhoradas. Os resultados obtidos com a simulação in vitro da digestibilidade, mostraram que 
nas condições gástricas simuladas, os microgéis sem recobrimento apresentaram maior 
coalescência de gotas na interface dos microgéis, comparados aos microgéis com recobrimento. 
Este resultado se deu, provavelmente devido à maior proteção eferecida pelas camadas de 
gelatina e alginato, uma vez que o alginato apresenta estabilidade em condições ácidas. A maior 
coalescencia das gotas na interface dos microgéis sem recobrimento, pode ter sido causada pela 
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pela ação de proteases, forças iônicas e alterações de pH na rede de gelatina, que protege a 
interface das gotas (Mun, et al., 2017).  
No intestino, sais biliares, fluidos intestinais e pH neutro, atuam no relaxamento e 
desestabilização da rede de alginato, possibilitando a liberação de bioativos encapsulados (Li 
et al., 2011). Acredita-se que o revestimento pode gerar maior resistência dos hidrogéis durante 
a digestão, em comparação com as partículas sem revestimento, impedindo ou atrasando a 
liberação de ácidos graxos livres (Zeeb et al., 2015; Pilosof, 2017). 
Uma vez definida a concentração de biopolímeros e o pH que garantem estabilidade 
das emulsões, assim como a efetividade dos hidrogéis carregados de emulsão em resistirem a 
etapas da digestibilidade, buscou-se melhorar as propriedades das emulsões empregando 
processos de ultrassom. A sonicação é um processo que permite a formação de emulsões com 
gotas de tamanhos menores, através da sua ruptura pela cavitação acústica (Behrend & 
Schubert, 2000). 
A melhor condição estudada para o processo de sonicação (375 w/ 5 min) mostrou 
melhorar a estabilide das emulsões, por atuar modificando características estruturais dos 
biopolímeros. A sonicação reduziu a viscosidade das soluções biopoliméricas, o que foi 
associada à quebra das cadeias poliméricas com o processo de sonicação, conforme reportado 
pela literatura (McClements, 1995; O'Sullivan, et al., 2016). Além disso, a redução da 
viscosidade da gelatina, diminui a energia necessária para a adsorção de proteínas na interface 
óleo-água (O'Sullivan, et al., 2016). A tensão interfacial de soluções de gelatina e alginato 
também foram reduzidas com a sonicação, levando a exposição de resíduos hidrofóbicos do 
agente emulsificante durante a sonicação (Balti, et al., 2011). Estas modificações causadas pela 
sonicação, resultaram em emulsões estáveis e com menor tamanho de gotas. 
O processo de sonicação permitiu a produção de emulsões com propriedades 
melhoradas. Sendo assim, a investigação da inserção de amido na forma não gelatinizada, para 
produção dos hidrogéis carregados de emulsão também foi objeto de estudo. Nesta etapa as 
interações fisico-químicas, propriedades mecânicas, morfológicas e microestruturais dos 
hidrogéis carregados de emulsão foram estudadas. 
Os resultados de XRD obtidos mostraram que o processo de sonicação modificou 
as características cristalinas do amido não gelatinizado. Picos relacionados à estrutura de 
cristalina do tipo β, devido à fração de amilopectina (Bursali, Coskun, Kizil & Yurdakoc, 2011) 
desapareceram com a sonicação.  
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Diferenças sutís foram observadas entre os espectros de FTIR, sendo as mais 
marcantes atribuídas às vibrações de alongamento de O-H e absorção de água, com maior 
intensidade para os hidrogéis SAG em comparação com o SAGNG. O tamanho molecular do 
alginato pode retardar sua interação com o grânulo, se restringindo aos grupos -OH na 
superfície do grânulo, o que pode explicar a menor intensidade da banda de absorção de água 
para SAGNG. Os hidrogéis com adição de amido, se diferenciaram dos hidrogéis de alginato e 
gelatina, pelo pico atribuído à configuração C-1-H β e à configuração C-1-H α, característico 
de amidos (Wiercigroch et al., 2017). Estas diferenças resultaram na maior dureza do hidrogel 
SAG comparado ao SAGNG. Além de mais rígido, foi relatado que a adição de amido 
gelatinizado em partículas de alginato melhora a friabilidade, reforçando a rede de hidrogel, 
além de preencher poros (Chan et al., 2011).  
A microstrutura dos hidrogéis apresentou diferenças que resultaram em 
propriedades particulares quando submetidos à digestibilidade. O amido não gelatinizado atuou 
preenchendo os poros da rede, sendo que a degradação do gel durante a digestibilidade foi 
associada ao processo de erosão (Peppas & Narasimhan, 2014). Gotas de óleo foram expostas 
após a digestibilidade e a rede apresentou menor porosidade. Estrutura com característica 
esponjosa foi atribuída à rede composta de amido gelatinizado (SAG), que após a 
digestibilidade apresentou grande porosidade. Portanto, sugeriu-se que o processo de 
degradação dos hidrogéis carregados de emulsão estudados, possuem características diferentes, 
mostrando a influência da gelatinização do amido  na digestibilidade. 
Conhecendo as propriedades mecânicas, físico-químicas e de microestrutra dos 
hidrogéis carregados de emulsão, empregou-se β-caroteno como composto bioativo, visando 
alcançar sua estabilidade ao armazenamento e ao longo da digestão. A estabilidade oxidativa 
do óleo de girassol, protegido pelos microgéis SAG e SAGNG também foi avaliada.  
A proteção lipídica durante o período de armazenamento foi alcançada utilizando 
os microgéis, que registaram valores de peróxidos menores que o limite (10 meq O2/Kg) 
estabelecido pelo Codex 210 (Codex Alimentarius, 1999). Redes de biopolímeros tem sido 
relatadas por atuar como uma barreira à difusão de oxigênio, pró-oxidantes e radicais livres 
(Liu et al., 2018), melhorando a estabilidade oxidativa dos óleos encapsulados. Assim, a maior 
estabilidade ao armazenamento obtida para o β-caroteno encapsulado, comparado ao óleo livre 
foi relacionada a proteção oferecida pela rede, que reduz a difusividade do oxigênio (Soukoulis, 
Cambier, Hoffmann, & Bohn, 2016).  
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Como observado nas etapas anteriores do estudo, a digestibilidade causou 
modificações na morfologia e microestrutura dos microgéis. O amido gelatinizado interagiu 
com a rede de gel de alginato, resultando em uma estrutura compacta com pequenos 
aglomerados de biopolímeros ao redor das gotículas de óleo, enquanto o amido não gelatinizado 
atuou em locais específicos da rede de alginato, preenchendo os poros. O β-caroteno 
encapsulado nos microgéis SAGNG apresentou maior estabilidade após digestão. As 
características deste hidrogel, com grânulos de amido preenchendo espaços vazios, formando 
uma rede fechada em torno das gotículas de óleo, permitiram a proteção deste bioativo da ação 
do oxigênio, acidez, pró-oxidantes e radicais livres (Liu et al., 2019). 
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CAPÍTULO 8 - CONCLUSÃO GERAL E SUGESTÕES PARA TRABALHOS 
FUTUROS 
 




8.1  Conclusão geral 
Hidrogéis carregados de emulsão compostos de alginato, gelatina e amido 
(gelatinizado ou não) foram produzidos visando a formação de hidrogéis carregados de emulsão 
com diferentes propriedades de entrega e proteção de bioativos. A produção de emulsões é uma 
etapa precursora de grande importância para formação de hidrogéis carregados de emulsão. 
Sendo assim, pH, concentração de biopolímeros e emulsificante (gelatina), além dos processos 
como rotor estator, sonicação por sonda e banho foram testados visando alcançar maior 
estabilidade das emulsões. Observou-se que em pH 3 ocorreu a complexação dos biopolímeros 
empregados na produção das emulsões, devido a presença de cargas opostas. A estabilidade das 
emulsões foi alcançada em pH 6. Uma vez que a gelatina apresenta características anfifílicas, a 
condição de pH 3 permitiu o recobrimento por interação eletrostática dos microgéis produzidos 
a partir da emulsão em pH 6. O recobrimento adicional com alginato também foi realizado com 
sucesso, garantindo proteção adicional ao sistema. 
A sonicação promoveu modificações benéficas na rede de polímeros, favorecendo 
a produção de emulsões estáveis. O amido de batata sofreu maiores modificações entre os 
biopolímeros estudados (reologia, carga superficial, viscosidade e tensão interfacial), além da 
redução da cristalinidade. A sonicação e o uso de gelatina na concentração adequada, permitiu 
a formação de emulsões estáveis com menor tamanho de gota. 
A avaliação da influência da adição de amido (gelatinizado ou não) nas 
características físico-químicas, mecânicas e estruturais dos hidrogéis carregados de emulsão 
apontaram diferenças que resultaram em propriedades distintas de entrega durante a 
digestibilidade. O amido gelatinizado proporcionou a formação de uma rede com maior 
resistência à compressão, comparado ao não gelatinizado, que por sua vez apresentou 
cristalinidade. Estas diferenças resultaram em diferentes propriedades de degradação em 
condições de digestão simulada. A degradação da rede SAG se deu pela formação de poros, 
que expuseram as gotas de óleo, ao passo que a rede SAGNG foi associada ao mecanismo de 
erosão, onde a quebra/desprendimento das camadas mais externas da partícula levaram a 
exposição das gotas de óleo. O inchamento da rede de alginato é um processo conhecido, devido 
ao relaxamento da rede biopolimérica pelas trocas iônicas que ocorrem na presença de sais 
biliares e fluidos digestivos. Estes resultados foram comprovados pelas análises das interações 
físico-químicas, morfológicas e microestruturais dos sistemas produzidos, apontando a 
importância dos hidrogéis carregados de emulsão para a modulação de propriedades de proteção 
e entrega de bioativos.  




Constatando as hipóteses anteriores, sobre ação benéfica do amido como agente 
estruturador da rede de alginato e gelatina, observou-se que o hidrogel carregado de emulsão, 
SAGNG, promoveu maior proteção do β-caroteno encapsulado, garantindo maior estabilidade 
na digesta, comparado ao SAG e ao óleo livre. Além disso, SAG e SAGNG os hidrogéis 
garantiram estabilidade oxidativa do óleo de girassol por um período prolongado, bem como a 








8.2  Sugestões para trabalhos futuros 
 
Com base nos resultados obtidos com esta tese, são sugestões para trabalhos 
futuros: 
Encapsular conjuntamente bioativos lipofílicos e hidrofílicos nos hidrogéis 
carregados de emulsão a fim de estudar as propriedades de entrega controlada durante a digestão 
in vitro e bioacessibilidade. 
Explorar a capacidade das camadas de recobrimento para realizar entrega 
controlada em etapas diferentes do trato digestivo. 
Inserir os hidrogéis carregados de emulsão produzidos em sistemas alimentícios 
variados para monitorar a estabilidade ao armazenamento, bem como a cinética de liberação 
dos compostos, relacionando a cinética à microestrutura e propriedades já estudadas. 
Variar as fontes de amido para inserção no sistema de encapsulação de forma a 
obter sistemas com menor porosidade e melhores propriedades de proteção.  
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ANEXO I - Permissão para o uso do artigo correspondente ao Capítulo 4 























Apêndice – Ensaios preliminares 




Table 1: Biopolymeric concentrations (% w/w) used for aqueous phase production 







S6.9A0.1 6.9 0.1 - 3 e 6 Emulsion (E) 
A1.0 - 1.0 - 3 e 6 Emulsion (E)/Coating(CA6) 
G1.5 - - 1.5 3 e 6 Emulsion (E)/Coating(CG3/CG6) 
S6.9A0.1G1.5 6.9 0.1 1.5 3 e 6 Emulsion (E)/Particles (P) 
S3.0A0.5G1.5 3.0 0.5 1.5 6 Microgels (M) 
 
 
    
    
Figure 1: Emulsions stability containing 30% (w/w) oil and 70% (w/w) aqueous phase after 7 
days storage (25 °C) at pH 3 and pH 6. 
  
 E-G1.5 pH 6     E-A1.0 pH 6       E-S6.9A0.1 pH 6   E-S6.9A0.1G1.5 pH 6             
 E-G1.5 pH 3      E-A1.0 pH 3    E-S6.9A0.1 pH 3   E-S6.9A0.1G1.5 pH 3               




Table 2: Particle size distribution of emulsions stabilized by gelatin, alginate or starch with 
alginate at pH 6 and pH 3. Emulsions containing 30% (w/w) of oil and 70% (w/w) of aqueous 
phase at 0 days. 
Emulsions D [3. 2] µm Span 
E-G1.5 pH 6 8.10±0.27ª 1.61±0.03ª 
E-G1.5 pH 3 4.90±0.23
b 2.02±0.02b 
E-A1.0 pH 6 32.92±0.25ª 0.85±0.00
a 
E-A1.0 pH 3 27.07±0.37
b 1.47±0.04b 
E-S6.9A0.1 pH 6 30.02±1.86ª 2.00±0.06ª 
E-S6.9A0.1 pH 3 28.82±2.24
a 1.99±0.06a 




Figure 2: S6.9A0.1 particles by dripping of emulsion filled hydrogels at pH6 (a) and S6.9A0.1 
eletrostatic complexes at pH 3 produced at day 0. 
 
  
Figure 3: Microstructure of SAGNG network before passing through the simulated digestion. 
The cracks in the starch granule by the ultrasound process (UP3) are evident (red arrow) (a). 
Microstructure of native starch granules without ultrasound process (b). 
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